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ABSTRACT: An acquaintance with the theory of electrode processes 1s 1ndispens-
able for the understanding of the phenomena which occur in technical electro-
lysis, the operation of chemical current sources, the electrodeposition of
metals, corrosion and protection of metals, etc., and can help to introduce new
production methods, to improve existing methods and to resolve numerous problems
occurring in practice more speedily.

'he purpose cf this book 1s the presentation of this theory in a form which is
accessible to a large circle of readers. It is based on a course of lectures
given by academiclan A.N. Frumkin at the M.V, Lomonosov State University at
Moscow, During the process of preparation of the material for the press it
has been considerably enlarged and modified. It has not been possible however
within the narrow framework of this book to give a full account of the branches
of electrochemical scilence touched upon and particularly of its practical
applications. We considered the elucidation of the physical basis of the
processes under consideration to be its principal task. Hence the number of
cxamples from the experimental material and from engineering, given to illus-
strate theoretical principles is not large and we have limited ourselves to

an examination of the simplest of them,

An understanding of the mechanism of the electrode processes i1s impossible
without a profound study of the metal solution interface in which they take
place. Thus we thought it essentlal to preface the present work with a short
introduction containing a summary of the most importan’ results obfained in
this fleld,

Several basic concepts of modern electrochemical kinetics have developed
historically from the study of the phenomena which accompany the electrolytic
separation of hydrogen. Hence we have dwelt on this reaction in much greater
detall than on the other electrochemical processes,
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It must be emphasized that many problems of theoretical
electrochemistry are still controversial today, and a single
point of view with regard to them does not exist among the
Soviet electrochemists. We have striven to present primarily
the theoretical concepts which appear to us to be test sub-
stantiated by the experimental data, recognizing, however, that
a final decision on the controversial questions requires further
experimental work as well as discussion of the results thus
obtained.

The introduction and the chapters 5, 6 and 7 were written by
A.N. Frumkin and B.N. Kabanov, The other chapters were written
by A.N. Frumkin, V.S, Bagotskiy and Z.A. Iofa,

We express our gratitude to the collective of workers of the
chair of electrochemistry of the M.V, Lomonosov State University,
Moscow, and the electrochemistry department of the Institute of
Physical Chemistry of the Academy of Sciences of the USSR, who
participated in the discussion of this book.

English translations: 545 pages.
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FOREWORD

An acquaintance with the theory of electrode processes 1is indis-
pensable for the understanding of the phenomena which occur 1in techni-
cal electrolysis, the operation of chemical current sources, the elec-
trodeposition of metals, corrosion and protection of metals, etc., and
can help to Introduce new production methods, to improve existing meth-
ods and to resolve numerous problems occurring in practice more speed-
ily.

The purpose of thils book 1s the presentation of thilis theory in a
form which 1s accessible to a large circle of readers. It is based on a
course of lectures given by academiclian A.N. Frumkin at the M.V. Lomo-
nosov State University at Moscow. During the process of preparation of
the material for the press it has been considerably enlarged and modi-
fied. It has not been possible however within the narrow framework of
this book to give a full account of the branches of electrochemical
sclence touched upon and particularly of its practical applications. We
considefed the elucidation of the physical basis of the processes under
consideration to be its principal task. Hence the number of examples
from the experimental material and from engineering, given to 1llus-
trate theoretical principles is not large and we have limited ourselves
to an examination of the simplest of them.

An understanding of the mechanism of the electrode processes 1s
impossible without a profound study of the metal solution interface 1in
which they take place. Thus we thought it essential to preface the

present work with a short introduction containing a summary of the most

FTD=-HT=6T7=153 - 1=



important results obtained in this fileld.

Several basic conc:pts of modern electrochemical kinetics have de-
veloped historically from the study of the phenomena which accompany
the electrolytic separation of hydrogen. Hence we have dwelt on this
reaction in much greater detail than on the other electrochemical proc-
esses.

It must{ be emphasized that many problems of theoretical electro-
chemistry aie still controversial tcday, and a single point of view
with regard to them does not exist among the Soviet electrochemists. We
have striven to present primarily the theoretical concepts which appear
to us to be best substantiated by the experimental data, recognizing,
however, that a final decision on the controversial questions requires
further experimental work as well as discussion of the results thus ob-
tained.

The introduction and the chapters 5, 6 and 7 were written by A.N.
Frumkin and B.N. Kabanov. The other chapters were written by A.N. Frum-
kin, V.S. Bagotskiy and Z.A. Iofa.

We express our gratitude to the collective of workers of th. chalir
of electrochemistry of the M.V. Lomonosov State University, Moscow, and
the electrochemistry department of the Institute of Physical Chemistry
of the Academy of Sciences of the USSR, who participated in the discus-

sion of this book.
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INTRODUCTION

BASIC PROPERTIES OF THE SURFACE LAYER AT THE INTERFACE
BETWEEN METALS AND ELECTROLYTE SOLUTIONS

§1. ORIGIN OF THE ELECTRICAL DOUBLE LAYER DURING CONTACT BETWEEN A
METAL AND A SOLUTION

The electrochemical processes, i1.e., the processes in which metals
or other conductors of the first kind either donate electrons* to the
reacting particles (molecules or 1ohs) or accept them from the latter,
take place within a thin surface layer at the interface between elec-
trode and solution. In order to understand the mechanism of the elec-
trochemlical processes it 1s essentlal to have an 1dea of the structure
of thls surface layer. The introduction to the present book will be de-
votéd to this question.

A double electric layer exists at thz interface between electrode
and solution, formed by electrical charges present‘in the metal and by
ions of the opposite sign prese' ¢ in the solution at the metal surface,

The double electric layer is formed upon contact of a metal with a
solution when the solute 1ons yleld their charges to the metal or if
the metal sends lons into the solution. Thus, for example, when silver
comes into contact with a solution of silver nitrate, the Ag+ ions, de-
pending on the concentraticn of the solution, can migrate to the metal-
1ic silver, imparting thelr positive charge to it, or, conversely, they
can be formed at the expense of the metal which then becomes negatively
charged.

In the case of contact between hydrochloric acid solution and iron

FTD_HT-67-153 w31



hydrogen ions may be discharged on its surface, imparting their posi-
tive charge to the iron, and Fe++ ions may appear. Because the latter
carry a positive charge, the metal 1s charged negatively during thelr
formation. The appearance of charges can also take place through ion-
ization of gases adsorbed on the surface of a metal, as, for example,
in the case of platinum in a hydrogen atmosphere.

Let us assume that when a metal comes into contact with a solu-
tion, the predominating process is that the metal receives charges from
positive ilons, for example, silver ions are precipitated on silver. As
will be shown in the following, the positive surface charge thus formed
retards the reaction which proceeds in the above-indicated direction
and, conversely, accelerates the reactions which result in the loss of
positive charge by the surface. In consequence of this the increase 1n
the positive surface charge is slowed down in time and, finally, a cer-
taln stationary condition 1is established at the metal solution inter-
face with a certain density of the electrical charge on the surface.

The surf ce charges attract from the solution ions of the opposite
sign and repel the ions with like charge. Thus, an excess of ions with
a charge with a sign opposite to the sign of the charge of the metal
surface appears in the layer of solution adjacent to the electrode.
This layer forms the double electric layer at the metal solution inter-
face together with the charged metal surface. Because of the presence
of free charges in the double layer the value o. *“he electrostatic po-
tential within it 1s not constant but varies from point to point. Thus,
the appearance of this layer results in the establishment of a certain
potential difference between metal and solution. In this chapter we
shall not examine the question concerning the connection between the
value of this potential difference, the composition of the original so-
lution and the nature of the reactions which take place, to which we
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shall revert later. We shall merely point out that in the case of re-
versible electrodes when an equilibrium is established between elec-
trode and solution (as 1s the case, for example, when various metals
such as silver, mercury, cadmium, etc., are immersed in solutions con-
taining their ions) a relationship between the potential difference and
the composition of the solution can be established on the basis cf
thermodynamic concepts. In thls simplest case the magnitude of the po-
tentlial difference @ between metal and solution 1s determined by the

relation

,a,'-{--g:-lnamm. (1)

where n and a, ,4+ are the valency and activity of the metal ions Me””

Me”
in the solution, @0 is the normal electrode potential, i1i.e., the vailue
of @ at Aqan+ts equal to unity, R 1s the gas constant, T the absolute
temperature and F the Faraday number.* Similar relations can be de-
rived for other cases of equilibrium between a metal and a solution;
they are given in physical chemistry manuals.®¥* In the following we
shall assume them as known, ®#%#%

We have brilefly examined how the double layer arises at the metal
solution interface 1f electrochemical reactions can take place at this
interface. The latter is not always the case, however. Thus, for exam-
ple, electrochemical reactions do not take place on a fresh mercury
surface in a solution of potassium chloride from which oxygen and other
oxidants have been carefully eliminated. It would appear that one of
the following two reactions should be possible in thls case: a migra-
tion of mercury Jons into the solution 2Hg -~ Hg;+ + 2¢ (1n this case
the metal would be charged negatively) or a transformation of potassium

ions into potassium atoms which dissolve in the mercury in the form of

potassium amalgam K+ + e ~» Kam (with the appearance of a positive

=5 &



charge at the surface).

In actual fact, however, ionization of a relatively noble metal
such as mercury can take place at a measurable rate only when the sur-
face 1s strongly positively charged while discharge of the potassium
ion 1s possible only in presence of a strong negative charge. Thus,
these reactions cannot proceed on the uncharged mercury surface spon-
taneously (i.e., without a supply of charges from without) to an extent
which would result in the formation of a measurable charge density; for
this reason, when mercury is in contact with potassium chloride solu-
tion, which 1s free of oxygen, a double layer is not formed.

On the other hand, ocwing to the absence of a migration of 1lons
from one phase into the other, any churge density can be easily real-
ized on such a mercury surface within wide 1limits and, consequently,
any potential difference, if a charge from an external current source
i1s supplied to the mercury surface. Such electrodes are often termed
ideally polarized. The potential of an 1deally polarized electrode
changes constantly during the passage of electricity, and such an elec-
trode can obviously not be used as a current source, but the possibil-
ity of varying within wide 1limits the charge density on the surface
makes the 1deally polarized electrode particularly sulitable for the
study of the structure of surface layers. It must be remembered, howev-
er, that if the charge density and potential difference with a given
solution composition pass certaln limits, the properties of the 1ldeal
polarizability are lost, and diverse electrochemical reactlons can take
place at the electrode; thus, if the positive potential 1is sufficlently
high, ionization of the mercury takes place at the mercury electrode
in potassium chloride solution and, 1if 1t 1s sufficiently negative, po-
tassium or hydrogen ions are discharged.*® oy
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§2. DENSE AND DIFFUSE DOUBLE LAYER [1]

In the simplest case when only the electrostatic forces acting be-
tween the charged surface and the ions of the solution are taken into
account, one can imagine that the surface of the metal attracts from
the solution a number of ions with charges whose sign 1is opposite to
that of the surface charge and equivalent in number to the number of
charges. These lons are situated at the surface very close to 1t; the
double layer thus formed may be compared with a flat capacitor in which
the distance between the plates i1s determined by the radius d of the
ions. Tne potential distribution in such a double layer 1s represented
im B s

Thls simplified picture of the double layer as proposed by Helm-
holtz 1s correct only in 1individual cases, for example, when the con-
centration of the electrolyte solutions and the charge density are very
high. In reality the double layer in most cases has a more complex
structure. Under the iInfluence of the disordered molecular movement the
ions tend to be distributed uniformly in the solution. As a result of
the molecular motion on the one hand and the electrostatic 1nteraction
of the ions with the charged metal surface on the other, the lon cover-
ing of the double layer assumes a diffusion structure, i.e., an ion
distribution results in which the concentration of some ions (with a
sign of the charge on the metal) increases in proportion to decreasing
distance from the surface, while the concentration c¢f the i1ons of the
other sign decreases (Fig. 2). The average thickness of such a diffu-
sion envelope of the double layer can be relatively great in dilute sc-
lutions, attaining a micron in completely clean water (i.e., in water
containing only H+ and OH 1ons formed by dissoclation of their mole-
cules). In more concentrated solutions this thickness 1is considerably
less and is measured in tens and even units of angstrom,
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Fig. 1. Potential
distribution in a
dense double lay-
er with positive
charge of the
metal surface; d
1s the thickness
of the double
layer; wa 1s the

potentlal differ-
ence between met-
al and solution.

A) Metal; B) so-

lution.

Fig. 2. Cation and
anion concentration
as a function 1if the
distance in the case
of a positive charge
on the electrode sur-
face. A) Metal; B)
solution; C) concen-
tration; D) anions;
E) cations.

Generally the ion covering of the double layer can be convention-

ally divided into two parts. The first part is formed by the ions which

are practically attracted closely to the metal surface ("close" or

"Helmholtz" layer). The second part, the diffusion layer, 1is formed by

ions which are at a given moment at distances from the surface compara-

ble in magnitude to the radius of.the ion or

We should point out that the charges in
double layer are not fixed in place and that
fective charge in a given part of the double
excess charges of the positive 1ons over the

ions, 1s of a statistical nature.

Specific adsorption of ions, atoms and molecules (i.e., adsorption

exceeding 1t.

the different parts of the
the magnitude of the ef-
layer, determined by the

charges of the negative

caused by the action of chemical forces and superposed un the purely
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electrostatic attraction or repulsion (see §7)), can make the structure

of the double layer even more complex.

Let us first stop to consider in greater detail the properties of

the dense layer. As pointed out earlier, it can be likened to a flat

capacltor, one plate of which is the metal surface and the other the

layer of ions which are attracted to the surface by the electrical

charges of the metal in such a way that the centers of these ilons at a

given moment are at a distance from the metal surface corresponding to

the effective ionic radius (Fig. 3). In addition to the electrostatic

forces, specific adsorption forces can attract ions to the electrode

surface; 1n other cases the latter, conversely, repel the ions from the

surface (negative adsorption), i.e., they weaken the action of the

electrostatic forces.
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Fig. 3. Arrangement
of the solvated ions
at the charged elec-
trode surface; a)
ions with undeformed
solvation envelope;
b) approach of the
tons to the surface,
involving a deforma-
tion of the solvation
envelope. A) Metal;
B) solution.

The equation connecting the charge of a
flat capacitor with the potential difference
between 1ts plates can be applied to the dense

double layer:

Com Lol

Y dnd’ (27
where ¢ is the capacitance of the layer per
1 cm2 of surface, ¢ 1s the charge density at
the metal surface; ?, is the potential differ-
ence between metal and solution* which we
shall consider as positive, if the metal has a
positive charge; D is the dielectric constant
of the medium between the plates of the capac-
itor and 4 the distance between the plates,
i.e., between the metal surface and the ion

centers. When Eq. (2) is used in practice one



has to remember that the magnitude of ¢ is normally expressed not in
electrostatic units, but in microfarads (uF) per 1 cm2. Because a mi-
crofarad is equal to 9'105 electrostatic units, the right part of the
equatior. (2) must be divided by 9'105 in order to obtain ¢ in uF per

cm2 if d 1s expressed in cm:

C-ﬁ ‘% pF/camt, (2a)

As will be shown lgter, the magnitude of ¢ can be found experi-
mentally. For the mercury electrode with negative surface charge, i.e.,
in the case when the ion envelope is formed by cations, ¢ is 18 uF/cm?.
If the surface is positively charged, 1.e., in presence of anions in
the double layer, the minimum value of ¢ is approximately twice as
large. Thus there 1is an important difference between the behavior of
cations and anions close to the surface.

This difference can be explained in the following manner. The catc-
ions as well as the anions in the solution are solvated, i1.e., bound to
solvent molecules, in particular, in aqueous solutions, to water mole-
cules (hydrate envelope). If the hydrate envelope were not deformed
when the ions come close to the electrode surface, the minimum distance
between “he center of the ion and the electrode surface would be equal
to the sum of the radii of the unhydrated ion and the thickness of the
hydrate envelope (Fig. 3a). However, a comparison of the behavior of
cations and anions, a comparison of the capaclitances of the double lay-
er, obtained in different solvents* and a number of other concepts
leads us to the conclusion that close to the electrode surface a con-
siderable deformation of the hydrate envelope takes place so that the
real picture of the structure of the doulie layer corresponds much more
to Fig. 3b than to Fig. 3a [7]. The deformation of the hydrate envelopc

is obviously more pronounced in the case of the anions for which (at o>

& 10 -



least for univalent anions) the hydration energy is less than for the
cations. The closer approach of the anions to the electrode surface 1s
also facilitated by the circumstance that, as will be seen from the
following, specific adsorption forces which are not observed in the
case of cations exist between the anions and the electrode surface 1n
many cases. The interaction between the anion and the electrode surface
leads also to a charge displacement within the ion itself, to 1ts po-
larization, which is particularly strong when the surface 1s positively
charged. As a result of this the effective thickness of the double lay-
er becomes less than the ionic radius. Correspondingly, the capacitance
of the double layer, considered as a capacitor, is strongly increased.
At very large negative charges of the surface this increase in capaci-
tance, although to a lesser degree, 1s also observed in the case of a
cation layer.

If a certain assumption concerning the magnitude 4 has been made,
the value of the dielectric constant D can be calculated from Eq. (2).

Tre radius, for example, of the unhydrated K+ ion 1is 1.33'10—8 emj thue

the value of d 1s probably close to 1.‘5’10-.8 cm. If we substitute this
value in Eq. (2), one can find from the experimental quantity ¢ = 18
pF/cm2 that the dielectric constant of the dense part of the double
layer 1s approximately 3 units. This small value 1s explained by the
orienting effect of the electrical field of the ions in the double lay-
er on the dipole water molecules which are in close proximity (we re-
member that the normal value of the dielectric constanf for water out-
side of the double layer is 81 at a temperature of 18°C). The calcula-
tion of the dielectric constant within the double layer from the values
of the capacitance C requlires certain assumptions concerning the magni-
tude of d, which are not very reliable, so that in electrochemical cal-

culations, based on the theory of the double layer, one must use not
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the value of D but the experimentally determined capacitance.

The structure of the double layer, represented in Fig. 3, 1s an
extreme case. In reality, as has been pointed out above, not all 1oqs
of the double layer are in the direct vicinity of the metal surface.

To a certain degree the ions in the ion envelope of the double layer
are distributed diffusely. If the charge density 1s not very high, as
in the case of dilute solutions, oractically the entire ion envelope oi
the double layer is diffuse (see Fig. l4a). Conversely, at higher con-
centrations a ccnsiderable proportion of the ilons of the double layer
is very close to the surface, and the structure of the double layer
comes near to that described in the foregoing (Fig. 4b).

It is highly probable that when a fluid moves relative to a solid
body, the lons, which are directly in contact with its surface, remain
continuously bound to 1t, while diffusely distributed lons are to some
extent entrained by the fluid. The degree of diffusiveness of the dou-
ble. layer thus 1s of great significance for the so-called electrokinet- ]
ic phenomena. Electrokinetic motion phenomena are termed those which
arise at the solid/solution interface when an electric field is ap-
plied, for example, the motion of solid particles in a solution (cata-
phoresis) or the motion of a solution relative to the walls of solids
(electroosmosis). These phenomena were discovered and first described
in 1807 by F.F. Reyss in Moscow. It is shown in the elementary theory
of the electrokinetic phenomena which 1s explained in most textbooks
of colloid and physical chemistry [3] that it is possible to calculate
the potential difference in the diffusion layer which i: ' ~ually desig-
nated by the letter ¢ (electrokinetic or zeta-potential) from the ve-

locity of motion v of the particle in the electrical field:
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where n is the viscosity of the fluid, and £ the electric field inten-

sity.
. .-
® - ‘ "
- I .
' .
4 e o
_. : .
1\,
|49 |- 101\ .
A ® A ® i 1 N7
O . AlLZ 0
a b .
Fig. 4. Distribution Fig. 5. Potential distri-
of excess catlons at bution in the dense and
the negatively charged diffuse parts of the dou-
surface of a metal at ble layer; @a is the po-

low (a) and higher (b)
concentrations of the
solution. A) Metal.

tential differencz between
metal and solution; wl is

the mean value of the po-~
tential at a distance of

one ionic radius from the
metal surface. A) Metal;

B) solution.

As will be evident from the following, the magnitude of the poten-
tial drop in the diffuse layer 1s also of great importance for the
mechanism of the electrochemical processes. We desigrate it by wl, thus
defining ¥, as the mean potential in the solution at the distance of
one ionic radius from the metal surface d (Fig. 5). Taking into account
that this distance is evidently different for cations and anions, one
could have correspondingly introduced two values of wl. We shall not
do so, however, as this would complicate the picture enormously.

I‘*. can be inferred from Eq. (3) that ¢ represents the potential
at the distence from the electrode surface at which the motion of the
fluid relative to the solid begins. 1. fairly cilute solutions, in
which the potential within the diffusion layer varies slowly with in-
crease in the distance from the surface, the quantity of wl is probably
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identical with ¢. At higher concentrations, when the accumulation of
ions near to the surface 1is considerable and the potential varies raj-
idly with distance, this 1identification would be incorrect. The condi-
tions of motion of the fluid at molecular distance from the surface
are unknown; in particular, it 1is not clear what value shculd be
ascribed to the viscosity. The latter, as the works of B.V. Deryagin
(4] have shown, can differ greatly close to the interface from the usu-
al viscosity within the volume. Hence the physical meaning of the qua
tity ¢ calculated by means of formula (3) iz somewhat Indetarminate 1ir
this case, and it 1s better to introduce a different criterion (wl) for
the potential drop in the diffusion layer which interests us.

In the following section we shall briefly examine the quantitative

theory of the double layer taking its diffusion stiructure into account.

§3. EQUATIONS OF THE DOUBLE LAYER

The first quantitative expression for the charge density as a
function of the ion concentration ¢ in the scoluticn and the electrode
potential in presence of a diffusion structure of the double layer has
been given by Gouy [5]. Later on, an analogous method of calculation
has been used by Debye in the theory of the strong electrolytes. Shtern
[5] pointed out that one cannot use the concept of point charges in the
theory of the double layer but that it is necessary to take the 1ionic
radii into account. Because the center of an lon cannot approach the
electrode surface closer than within the distance of the radius,* there
is in any case in the double layer close to the surface a region with
the thickness d in which charges are absent; as follows from the laws
of electrostatics, the potential varies in such a region linearly with
distance, 1.e., the gradient of the electrical potential is constant
(Fig. 5). From the distance d onwards the solution contalns charges.

- 14 -
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The equation for the double layer, derived on these assumptions
and taking into account the electrostatic interaction between the 1ions
and the charged surface of the electrode and the thermal motion of the

ions, can be represented in the following form:

= Clga—) =+ l/"_-,‘f—'f]/z(e?ﬁ-nc.. (1)
4

The quantities entering iInto this equation have the follcwing
meaning: ¢ 1s the ciiarge density at the metal surface,* ¢ is the capac-
itance of the capacitor, formed by the metal surface and a plane pass-
ing through at a distance 4 from 1it, calculated per 1 cm2, Qa is the
potential directly at the electrode surface relative to the potential
in the center of the solution, which 1s usually assumed to be zero. In
order to determine ¢a from the potential @ of the electrode, measured
relative to an arbitrary reference electrode, one has to deduct from
p the electrode potential P, at the charge density € equal to zero,
measured relative to the same reference electrode. Further, wl is the
potential at the distance 4 (i.e., in the plane which passes through
the centers of the ions of the first layer) relative to the potential
in the center of the solution, n; and e; are the valency and concentra-
tion of the ions of the specles ©Z, D is the dielectric constant of the
solution. In the case of a diffuse double layer, whose thickness con-
siderably exceeds the molecular dimensions, we shall consider the value
D in dilute solutions to be equal to the normal value of the dielectric
constant of water, 1.e., D = 81. The latter assumption 1s approximate.

The equation (4) has been derived on the assumption of the applic-
ability of the laws of ideal solutions to the ions in the volume of
the solution.and in the double layer. We shall give in an abbreviated

form the derivation of thls equation for the simplest case of a uni-

valent electrolyte.



The left part of Eq. (U4) expresses the charge density e of the

metal plate of the double layer via the capacitance ¢ of a flat capaci-

tor (see Eq. (2) and the potential drop o, — ¥; In it). This expression

1s correct independently of whether all charges of the ion envelope of
the double layer are in the plane in wh ch the potential is ¥, or whe-
ther they are partially (or entirely) situated beyond this plane.#®*

The right part of Eq. (U4) expresses the total charge density of
the ionic part of the double layer.

Really, we designate by ¢ the varlable value of the potential in
the diffusion ion layer which depends on the distance from the elec-
trode. According to the Boltzmann law,** the cation concentration in

this region is equal to

' r
c,=ce wr, (5)
and the anion concentration to:
(14
c.=cefl | (5a)

whefe ¢ 1s the electrolyte concentration in the solution, expressed in

gram-=ions per 1 cm3. The volume charge density p 1s equal to:

_yr [ 4
p=F(c,—c_)=Fc(e "l“_,‘ﬂ'). : (6)
It follows from the laws of electrostatics that the following re-
lation (Poisson equation) exists between the volume density of elec-

tricity and the potential y:

o n (7)
where z is the distance from the electrode surface.**#

If we integrate Eq. (7) between the 1limits d and =, we obtain:
and, because at £ = « y = 0 and 3y/3x = 0 are valid and because the to-
tal charge ?p'dx in the solution is equal to the surface charge ¢ of
the metal ;ith opposite sign, we have

®.e-@)a--% gm. (8)
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(g)s-‘- —"3.' ‘ (8a)

By putting together (6) and (7), we obtain:

ﬁ': _4uF¢' eh) (9)

By integrating Eq. (9) within the limits from d to = and taking

into account that at x = d, ¢ = Vys we find:

G-, -+ R B

or

Q2= + R (W oFE g, (92)

It follows from (8a) and (9a) after extraction of the square root

from the rignt and left parts of Eq. (9a):

l==’/ (C —e n) (10)

The sign after the extraction of the square root must be chosen in
accordance with the condition ¢ > 0 at v, > 0.
On the other hand, as has been shown 1n the foregolng, ¢ = C(Qa -

— wl); hence follows:

¢ =C(ga— )= (c _eimy (11)

The equation (11) 1s a partial case of Eq. (4) for the solution of
a unl-univalent electrolyte.

The specific adsorption of the ions, 1.e., not caused solely by
electrostatic forces (see §7) has not been taken into account in the
derivation of Eq. (4). Shtern [5] has made an attempt to take into ac-
count the specific lon adsorption. Because the forces which determine
the specific adsorption decrease very repidly with distance, it can be
assumed that these forces act only on ions in direct contact with the
metal surface. The value of the adsorption potential which is indepen-

dent of the electric field is introduces for these ions in Shtern's

S =



theory: ¢, for cations and ¢_ for anions. These quantities, ¢

+ and ¢_,

+
express the variation of the potential energy during the transfer of a
mole of substance from the center of the solution to the surface at
wl = 0.

The total variation of the potential energy during adsorption,
taking also into account the effect of the electric field, 1is ¢, vy

for the cation and ¢_ — y,nF for the anion. By means of these quanti-

1
ties one can calculate the number of cations and anions adsorbed at ti.
surface analogous to the derivation of the adsorption formula of Lang-
muir in the theory of gas adsorption, i.e., by assuming that there ex-
ists at the surface a number of places which are filled by the adsorbed
cations and anions in correspondence with the aforementioned values of
the variation of the potential energy during adsorption.

However, as the experimental determination of the surface charge
shows, the fi11lling of the surface by ions in the double layer is nor-
mally not very great 1n practice. For the case of partial occupancy the

Shtern equation can be represented in the following simple form (for

uni-univalent electrolyte):

taC(Pa—9)=—6—¢;, ° (12)
®,4+v,F O -9, F

¢,=2Fcd(e M —e¢ T ), (13)
A (L

.,|-+ _giﬁ(‘ m_gﬂﬁ'). (lu)

where €y is the charge of the adsorbed ions and €5 is the charge of the
ions in the diffusion layer. The quantity €s &S is evident from Eq.
(13), is equal to the difference of the charges of the adsorbed cations
and anions. In fact, their volume concentrations in the surface layer

according to the Boltzmann formula are, respectively:

.."..F ._-"P
c,=ce M g c=ce RN
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from which Eq. (13) is readily derived if we assume that the thickness
of the adsor ed layer is 2d. The charge of the diffusion layer i1s cal-
culated in accordance with Eq. (10).

As Eq. (12) shows, the magnitude of the charge of the ion enve-
iope, according to Shtern's theory, consists of two components, of
which one expresses the charge of the adsorbed ions and the other the
charge of the ions which are attracted only by electrostatic forces.
This division 1s practical if conslderable adsorption forces are pres-
ent (large negative values of ¢, and ¢ ). However, in the absence of
adsorption forces, i.e., at R L 0, the expression for €1 does not
vanlish, although in this case the physical meaning of the separation of
the charges of the ions which are in direct contact with the electrode
surface Into a separate component 1s not clear because the charges of
all the ions have already been taken 1into account in the expression for
€53 1n this case the use of Eq. (11) instead of Eq. (12) 1s more logi-
cakl.

The use of the Shtern equation 1n the presence of specific ilon ad-
sorption is made Adifficult by the circumstance that only one value of
the capaclitance of the dense layer 1is considered in this theory where-
as, as has been pointed out earlier, 1ts capacitance differs consider-
ably in presence of catlons and anlons. Several attempts have been made
to introduce improvements into the theory of the double layer to elim-
inate this deficlency, for example, by assuming that the centers of
the anlons can approach closer to the electrode surface than the cen-
ters of the cations [7].

Let us indicate certain consequences following from Eq. (11). For

this purpose Egq. (11) is more convenlently written in this form:
"y . -'|'
v.-ih-i--ée- V z—r—]'ih(cm—‘c . (11a)
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Let the quantity wl be small as compared with RT/F (RT/F = 25 mv
at 18°), i.e., the work wlF performed by the electrical forces in
transporting a gram-ion from the solution into the douvle layer is
small compared with the energy RT of the thermal motion. Then, expand
ing the exponential functions into a series and using orly the first
two terms of the expansion, the expression in brackets in the right

part of Eq. (lla) can be replaced by v,F/RT, hence

?-"*l'f'z{‘V;g;hF (15)
{ and
r .
i .-V%F*,-%V}%Fh. (16)

If the quantity ¢ is fairly small, the second term in the right

part of Eq. (15) may be neglected compared with the first so that ®, -

< wl and
I
D
' ¢ =17 P (17)
where
-V (18)

As 1s evident from Eq. (17), the quantity 7 defines the thickness
| of a flat capacitor whose capacitance is equivalent to that of the dif-
fuse double layer. This guantity 1s analogous to the so-called thick-
ness of the ionic atmosphere knowﬁ from the theory of the strong elec-
i trolytes. The thickness I of the diffusion layer varies in inverse pro-
portion to the square root of the concentration Eq. (18). With increas-
ing temperature and dielectric constant the diffuseness of the double
layer 1lncreases.

If the electrolyte has not 1 — 1, but n — n valency (for example,

PR
iy

MgSOu), F must be replaced by nF; thus the thickness of the double lay-

er 1is inversely proportional to the valency of the ions. The capacl-
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tance of the diffusion double layer in dilute solutions as calculated
in accordance with Eq. (16) 1is considerably smaller than the capaci-
tance of a dense layer. Thus, in 10‘“ N solution of a uni-univalent
electrolyte 1t 1s only 3 uF/cm2.

If the quantity ¥y is positive and large compared with RT/F and

ViIF/2RT ___

the concentration ¢ is not too small, the term containing e
sumes largest value in the right part of Eq. (l1la) and the equation

(11a) can be replaced by the approximate expression

L4
eV I, =
*lmconst-{-z—;zln'.‘—-f;lnc. (20)

Under analogous conditions we obtaln for a negative wl

*,mconst—z—ﬁkzln(-—y.)+—"g—.-lnc. (20a)

At the same time it follows for small values of ¥y and c 121 = ?,
from the equations (20) and (20a) that with increase in ®, the further
irnicrease 1n ¥y takes place very slowly, in accordance with a logarith-
mic law. Thus, with increase of @a from 0.2 vto 1l v, i.e., by 0.8 v,
vy increases, according to Eq. (20) by only 0.08 v. Hence for large
values of wa and not too small ¢, the quantity wl becomes small com-
pared with ma and the capacitance of the double layer approximates the
value of ¢ which 1s typical for the dense, nondiffuse layer. It foll~ws
“rom thls that in dilute solutions a considerable 1ncrease in the cs.-
pacitance of the double layer should take place in proportion to an in-
crease 1in I¢z|.

It can be seen from the equations (20) and (21) that with increas-
ing concentration the absolute value of wl decreases in accordance with
a law which is similar to the commonly used Nernst formula. Finally, it
1s easy to see that in the above case the quantity wl for an n-n-valent

electrolyte, all other conditions being equal, is n times smaller than

= 2] =



for a uni-univalent electrolyte. Calculation shows that in the case of
an electrolyte with an asymmetrical structure the valency of the 1ion
with a sign of the charge opposite to the sign of the surface charge

plays the decisive part in the structure of the diffuse double layer.
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Fig. 6. v, as a function of ’ in solutions of a uni-univalent electro-

lyte (at 20°C) at ¢ = 18 uF/cm?. Concentration in moles per liter: 1)
0.001; 2) 0.01; 3) 0.1; 4) 1.0. A) Volt.

It 1s clear from the above that with 1ncreasing electrolyte con-
centration, potential drop Q; and valency of the lons, the structure of
the double layer becomes less diffuse and comes close to the structure
corresponding to an approach of the ions to the minimum possible dis-
tance to the electrode surface. By means of Eq. (11) and, in the gener-
al case, by means of Eq. (4) one can always find the value of vy and,
consequently, also ¢ as a function of ¢a if the composition of the so-
lution and the magnitude of ¢ are known. The values for wl for a uni-
univalent electrolyte of different concentration, calculated in this
way, are given in Fig 6.

In the following we shall consider the complications introduced
into the structure of the double layer by the specific adsorption of

ions.
p

v
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§4. EXPERIMENTAL METHODS FOR THE STUDY OF THE DOUBLE LAYER

A number of methcds has been dcdeveloped within the last decades for
the study of the double layer which have greatly enriched our knowledge
of 1t [8]. Soviet sclentists have played a prominent part in these in-
vestigatilons.

Measurement of the capacltance of an electrode with alternating

current. The most accurate data on the structure of the double layer at
the metal/solution interface were obtalned by measurement of the elec-
trode capacitance. The princple of thls method consists in charging the
metal surface and the solution with certain snall quantitlies 4Q and —-A¢Q
of electricity and measuring the potential variation 49 of the elec-
trode.

In order that the quantity thus obtalned, recalculated for the
unit of electrode surface, should express the capacitance, 1t 1s essen-
tial that the imparted charge 1s not consumed 1n some electrochemical
reaction, 1.e., that the electrode has the properties of 1deal polariz-
abllity. The measurements of this kind can be carried out by the same
methods as those used for the measurement of the capacitance of a usual
capacitor.

The basic conditions which must be fulfilled for the measurement
of electrode capacitance with an alternating current have been first
formulated in 1887 by A.P. Sokolov [9].

A.P. Sokolov proposed to use a high-frequency alternating current
for capacitance measurement in order to compel the "voltameter to
charge itself so rapidly that collateral processes (adsorption and con-
vection) at the electrodes cannot take place to any greal extent within
this short period."”

The principle of the use of an a.c. current consists in measuring
the potential fluctuations during the passage of a current with a cer-
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Fig. 7. Compensation circuit for the capacitance measurement on the
double layer of an electrode with alternating current; A) Electrolytic
cell; B) test electrode; C) auxiliary electrode with large surface for
passing an a.c. current through the cell; D) auxiliary electrode for
the polarization of electrode B with a d.c. current; G) a.c. current
generator; N) null instrument for the a.c. current (oscillograph).

tain intensity or that one compares them with the potential fluctua-
tions of a reference standard of known capacitance. One of the possible
compensation circuits, sultable for the capacitance measurement of the
double layer, 1s shown in Fig. 7. The letter A in the dlagram indicates
the cell into which the test electrode is immersed. The a.c. current is
passed through the solution between the test electrode B and the auxil-
lary electrode C. The potential fluctuations of the small test elec-
trode are large compared with the potential fluctuations of the large
electrode. Hence capacitance measured by means of a compensation method
can be considered, with a sufficlent degree of accuracy, to be equal tc
the capacitance of the test electrode. The a.c. generator G serves as
the current source.

Depending on the conditions, different current frequencies from 1
to 100,000 cycles per second are used for these measurements. A conven-
tional sensitive cathode oscillograph, sometimes a telephone with am-

g N
plifier and, at low frequencies, a galvanometer with short period serve -k
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usually as the null instrument W.

An ideally polarizable electrode 1s a limit case which can be
achieved 1n practice only with a certaln approximation. Normally the
possibllity of electrochemical reactions at the electrode surface can-
not be excluded completely. A certain proportion of the electrical
charge, imparted to the electrode in order to shift 1its potential, is
actually lost not for charging the electrode but for an electrochemical
reaction. The electrode behaves in this respect like a capacitor with a
leakage, for example, a capacitor connected in parallel with a certaln
resistance £ {(Fig. 8). Hence to achieve compensation in accordance with
the scheme of Fig. 7, a resistance must also be included in parallel
with the standard cape itance. The presence of such a leakage during
measurements with alternating current has the greater effect the lower
the frequency of the alternating current. The incluslon of a resistance
is also necessary to compensate the ohmic resistance of the electro-
lyte. When high-frequency currents are used the capacitance measure-
ments can also be carried out 1n presence of relative large leakage
currents, as pointed out long ago by A.P. Sokolov.

Let us consider the physical meaning of the capacitance determined
2xperimentally by means of alternating current. The experimentally
measured capacitance 1s evidently equal to 4Q/49; recalculated to unit
of electrode surface 1t 1s equal to 1/S 4Q/49 = 2e¢/A9 or, because 9 and
?, differ only by a constant amount, Ac/A@a. If the amplitule of the
alternating current used for the measurement is fairly small (if it
does not exceed 10-15 mv) we can assume approximately Ae/A¢b - as/awa.
The quantity ac/a¢a 1s termed differential capacitance at the given

value of the potential qh

C‘-%, (21)
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Fig. 8. Elec-
trical circuit
of a capacitor
with capaci-
tance ¢ and
leakage via
the resistance
R, which 1s
equivalent to
an electrode
on which elec-
trochemical
reactions take
place.

If the electrode had a constant capacitance, in-
dependent of 1its potential (i.e., if the charge werc
proportional to the potential ¢ - Cwa), the measured
differential capacitance would equal the capacitance
cf the electrode ¢ (independently of the amplitude of
the current used for the measurement).

Such a pat%ern willl approximately cccur in con-
centrated solutions in which, as has been shown 1n
§3, the double layer 1s not very diffuse and comes
close to the type of dense double layer with a con-
stant distance between the plates and constant capac-

itance. In other cases, however, the double layer has

a diffuse structure, the degree of diffusiveness and,

ccnsequently, also the capacitance depending on the electrcde poten-

tial. The theoretical value of the differential capacitance Cd may be

found in these cases by differentiation of the above expressions for ¢

with respect to wa.

Sometimes 1t 1s more convenlient when studying the structure of the

double layer to use the value of the integral capacitance

(21a)

c...;‘;.

The quantity Ci expresses the capacitance of a capacitor which, at

a puotential difference P, between the plates, carries a charge egual to

the charge of the double layer and which can thus be considered as

equivalent to the double layer at the given potentilal Py Between "i

and Cd exists the obvious relationship

\Z
Cimg-\ Cady, (22)
]

As will be evident from the following, the quantitiles c; and Cd

P
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can differ considerably 1n certain cases.
The capacltance measurement with alternating current can be used
for verifyling the double layer theory. Figure 9 gives curves showing

the differentlial capacitance of a mercury electrode as a function of
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Fig. 9. Differentlal capacitance of a mercury electrode as a function
of potential for KCl and HCl solutions with different concentration: 1)
0.0001 N, HC1l; 2) 0.001 N KC1; 3) 0.01 N KCl; 4) 0.1 N KC1l; 5) 1 N KC1.
Potential measured against standard hydrogen electrode (n.v.e.). A)
Volts.

the potential for different KCl and HCl solutions with different con
centrations [10]. The potentials measured relative to a standard hydro-
gen electrode are plotted on the abscissa axis. In dilute solutions the
potential of the "zero point" of mercury at which € = 0 and 9, = 0 is
equal to @, = —0.2 v at this scale.

It can be seen that, in agreement with the conclusions of the pre-
ceding section, a minimum is observed in the differential capacitance
curve at this potential, which 1s the more pronounced, the lower the
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concentration of the solution, at the point of zero charge the double
layer has the most diffuse structure.

It is also evident from Fig. 9 that the capacitance of a dcuble
layer with a positive charge of the surface (to the left of the zero
point) 1s considerably larger than with negative clarge, and that it
increases very strongly in presence of a high positive surface charge
(deformation of anions). For comparison purposes Fig. 10 gives curves
showingz the differential capacitance as a function of potential, calcu
lated for solutions of the sane concentration on the basis of the equa-
tions of the theory of the double layer. In this calculation the capac-
itance of ‘:e dense layer for a pecsitively charged surface was taken a
36 uF‘/cm2 (see page 10) and for a negatively charged one as 18 uF/cm?.
It can be seen that the agreement between theory and experiment is gen-
eraily quite satisfactory so that one may conclude that the above-pre-
sented theory of the double layer 1is buillt on a correct foundation. We
ought to point out that the observed minimum capacitances are slightly

larger than the theoretical ones.

éi

L

e u ; ,.-o_u -10
Fig. 10. Differential capacitance, calculated by means of the double
layer equation for solutions of a unl-univalent electrolyte with dif-
ferent concentrations: 1) 0.0001 N; 2) 0.001 N; 3) 0.01 N; 4) 0.1 N.
A) Volts; B) cm2.
“
<

- 28 -



Filgure 11 gives differential capacitance curves for the mercury
electrode in normal solutions of several electrolytes [7].

Because the capacitance of the double layer 1s enormously sensi-
tlve to the adsorption of surface-active substances, the presence of
traces of high-molecular organic compounds in the solution, which often
contaminate "chemically pure" reagents, distorts the measurement re-
sults, usually reducing the capacitance. Hence, special measures should
be taken in the measurement of the capacitance of the double layer to
purify the reagents and the metal surface. Nonobservation of these pre-
cautlons has for a long time had the result that many researchers have
obtained too low capacitance values which could not be accounted for
from the polnt of view of the theory of the double layer. Correct ca-
pacitance values were first obtained by M.A. Proskurnin [11].

Measurement of surface charge by means of the charging current.

The most convenient method for the direct determination of the surface
charge 1s the measurement of the quantity of electricity which must be
supplied to the metal/solution 1Interface during its formation, in order
to create a certaln potential difference in it. As 1n the precedling in-
stance, it 1s assumed here that the entire quantity of electricity 1is
used to charge the surface, or, in other words, that the electrode
practically has the property of ideal polarizability. For a liquid met-
al, for example, mercury, this method 1s most easlly carrled out by
means of a drop electrode. If the mercury flows into the solution in
the form of individual drops at constant potential @ and if the surface
of the drops, formed in unit time, 1s equal to S, €S coulombs per sec-
ond should pass through the system. Thus, the mean intensity of the
"charging current" I, which 1s easily measured with a galvanometer, 1is
} =S (23)
Knowing S, ¢ 1s readlly found from the value of Tz.
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In Chapter 2 we shall consider in greater detail the charging cur-
rents in connection with the phenomena observed when the current of an

electrochemical reaction is superposed on the charging curirent.

st

- "
3

. -

0»‘ 0 04 '“ -{2 -."’
fonom A
(n.8.3) B

Fig. 11. Differential capacitance curves for the mercury electrode in
1 N solutions of NaNO3 (1), H,80, (2), Na,S0, (3), NaCl (4), NaI (5).
A) Volts; B) n.v.e.

Variation of the electrode potential during the passage of a di-
rect current. Polarization measurements conslisting in the measurement
of the intensity of a current flowing through the electrode at differ-
ent potentials are very common 1n electrochemistry. When such polariza-
tion curves are recorded (expressing the rate of a certaln electrochem-
ical process as a function of the electrode potential) one tries to
keep the electrode surface in an unchanged condition. A different pic-
ture 1is observed when the current 1is passed through an electrode under
conditions in which a long duration of the electrochemlcal process at

constant potential 1s impossible. In this case the electrode potential
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varles continuously depending on the quantity of electricity which has

passed through it or, with polarization by a current with constant in-

tensity, on time. The Kazan' professor R.A. Kolll [12] was the first to
use the measurement of the potertial shift of the electrode during the

passage of a current for a certalin length of time for the determination
of capacitance and found a value of 150 uF/cm2 for the capacitance of a
platinum electrode.

The curves which show the potential as a function of the quantity
of electricity imparted to the electrode are termed charging curves.
The charging curve for mercury in HC1l solution [2] is represented in
Fig. 12. By means of the charging curves one can find the differential
and, if the position of the¢ zero point 1s known, also the integral ca-
pacitance of the electrode (Eq. (22)).

The method of capacitance measurement

-,

ﬂi& A = 7 with a direct current can also be used as a
4 ' method for determining the true surface area
'*ﬁ of the electrode, for example, the surface of
1 ’ the active material of the negative plate of a

0 » s s an'

na B lead battery. As we know that the capacitance
Fig. 12. Charging
curve for mercury in of a smooth negatively charged surface is 17
1 N HC1l solution. A) 5
Volt (n.v.e.); B) uF/em®, we obtailn the true surface of the

coul.
plate by dividing the capacitance of the real

negative battery plate, measured by the method
of charging curves, by this value [13].

In the practical application of the method of charging curves one
has to take into account primarily the difficulty of a complete exclu-
sion of electrochemical side reactions during the recording of the
curve. For example, the solutlon always contains small quantities of
oxygen or other oxidants, which are reduced during the cathodic polari-

= 3) =



zation of the electrode. In order that the results should not be dis-
torted, 1t 1is 1indispensable to reduce the influerice of these reactions
to a minimum, i.e., to create conditions such that the intensity of ths«
charging current is great compared with the intensity of the current of
these collateral electrochemical processes.

This problem can be solved by different methods. One of these con-
sists in carrylng out the recording of the charging curve within a min
imum interval of time, 1.e., with a large current density, with oscil-
lographic recording of the potential. This method, which many British
authors have used (for example, Raydil, Bowden, Butler), has an impor-
tant deficiency which consists in the following. As will be evident
from the followling, while the charging of the double layer takes place
very rapidly, other changes of the state of the metal surface often
proceed slowly. When the potentlal varles quickly, they lag behind com-
pared with the variation of the charge of the double layer, and “he
electrode thus cannot reach the equilibrium state corresponding to the
new value of the potential.

Methods of recording chargling curves which are free of these de-
ficiencies have been developed by the Soviet sclentists A.I. Shlygin
and B.V. Ershler [8]. The first of these methods [14] consists in the
use of an electrode with very large true surface, such as, for example,
a platinized platinum electrode. In this case even if the true density
of the charging current is small, the total current intensity i1s fairly
large, and side processes caused by diffusion cf Ilmpurities from the
volume of the solution to the electrode cannot distort the charging
curve. Electrodes of platinized platinum and analogous electrodes with
a developed surface of iridium, rhodium, lead, silver and other metals
have been studied by this method.

In the second method [15] an advantageous relation between the
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surface and volume processes 1s achieved not by increasing the surface
but by decreasing the volume of the solution. To this end the electrode
in the form of a cylinder A is inserted into the tube B which 1s filled
with electrolyte and which has almost the same length and internal di-
ameter as the electrode (Fig. 13). The impurities 1n the small volume
of solution between the electrcde and the walls of the cell are so few
that they cannot interfere with the recording of the charging curves.

Variation of the composition of the solution dur-

ing the formation of the double layer. The formation of

a double layer when a metal comes into contact with a
t2lution causes a variation of the composition of the
sovlution. Thus, for example, when silver comes 1into
contact with a solution of silver nitrate, the silver
ions donate their positive charges to the metal surface
which attracts the NO, ions. Thus, a certain ouantity

3
of silver nitrate disappears from the solution durlng

e Pt e

si%é %g; E:: the formation of the double layer. When pl-wtinized
gﬁggéiﬁg platinum, saturated with hydrogen unde.- atmospheric
g?ggiioggs pressure, comes into contact w'ch a solutlon of potas-
:ig?azg?oth sium chloride, part of the adiiorbed hydrogen 1s ionized

and goes 1nto solution, the surface 1s charged nega-
tively and attracts potassium ions. As a result part of the potassium
ions in the solution are replaced by hydrogen ions and the solution 1s
acidified. At very low concentration of the adsorbed hydrogen the for-
mation of the double layer 1s accompanied by a discharge of hydrogen
ions at the surface of the plate which then becomes posltlve and at -
tracts Cl anions. As a result a certain quantity of HC1l disappears,
and the initially neutral KCl solution becomes alkaline.

If the electrode surface 1is small, the variations in the composi-
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tion of the solution are slight and escape detection. Indeed, for exam-
ple, when the surface charge is 2-10—5 coulombs per cm2, only 2'10_1”
gram-equivalents of ions are consumed in the formation of the double
layer. Hence in electrochemistry the equilibrium potential of the ele
trode 1s normally assocliated with the initial composition of the solr
tion on the assumption that the latter does not undergo any changes up-
on contact with the electrode. However, if the true eliectrode surface

2

is, for example, 10 m~, the formation of a double layer already causec

a variation of normally 2:1073 1n 10 em3

of solution, which 1s easily
observed.

A.N. Frumkin and A.D. Obrucheva were the first to point out the
peculiaritlies of the adsorption effects which accompany the formation
of the double layer. These adsorption phenomena are sometimes termed
potential-determining adsorpticn, and in the case when the initial so-
lution was neutral and free acids or alkall appeared in 1t as a result
of the interaction with the electrode, as in the hydrolysis of salts,
they were termed hydrolytic adsorption.

The variations of the composition of a solution can be utilized

for the study of the structure of the double layer in the case of elec-

trodes of platinum or carbon which ﬁave a highly disperse structure
[16, 17], and also of mercury, which can be given a large surface by
disintegrating a fast-moving jet into small droplets.

If the adsorption measurements are carried out at different elec-

trode potentials it is possible to determine the charge of the double

layer as a function of the potential.: Bgure 14 gives the adsorption of

the Na+ ion as a function of potential for the case of platinized plat-

inum in a hydrogen atmosphere [14]. The potential of this electrode was

varied by variation of the composition (pH) of the solution. Under con-

ditions of "ideal polarizabllity" of the electrode the potential can be
- 34 -
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conveniently varled by supplying increasing quantities of charge to the
electrode from without. Thus, the adsorption measurements can be com-
bined with the recording of the charging curves and the data thus ob-
tained can be compared. Further on we shall present some results of
this comparison.

e Motion of so0lild particles under the

T rpton/ent ' o ot
o} : - 1nfluence of an electric field. As has

been pointed out in §2, the measurement

om0 b
of the velocity of motion of solid parti-

% cles in a solution when an external fileld

ant
1s applied, makes 1t possible to deter-

P —

-0,8 '-ds ! iz yhﬂmMJQ)B~ mine the electrokinetic potential, whose

Fig. 14. Adsorption of so-
dium lons on platinized
platinum 1n a hydrogen at-
mosphere from a NaCl solu-
tion as a function of po-
tential at different pH
values. A) ENat coulomb/

cm2; B) @ volt (n.v.e.).

value for the case of dilute solutions is
close to that which we have termed the ¥y
potential. Thus the electrokinetic phe-
nomena, such as, for example, the cata-
phoresis of metal salts or the deflectlion
of metal wire, immersed 1n an electrolyte
and attached at one end, in an electric field can also provide informa-
tion on the structure of the double layer and the sign of the surface
charge. The correctness of the results obtained by the method of charg-

ing curves and adsorption measurements has thus been confirmed [1, U41].

§5. ELECTROCAPILLARITY PHENOMENA

The first information on the structure of the double layer on mer-
cury and other liquid or molten metals in different media has been ob-
tailned by the study of the interface surface tension at the metal/solu-
tion interface as a function of the potential.®* This relationship can
be found experimentally by determining the interface tension at differ-
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ent potentials by means of a caplillary electrometer or other analosous
methods.

In the caplllary electrometer of Gouy (Fig. 15) normally used for
thlis purpose one measures the pressure of a column of mercury required
at a given potential of the mercury, measured relative to a constan’
auxiliary electrode, for causlng the mercury meniscus at the conical
capillary (a) to be at a certain distance from its end. It is assumed
that the solution wets the walls of the caplllary completely. Accordin
to the theory of capillarity the height of the mercury column under
these conditions is proportional to the interface tension o at the in-
terface. The potential difference ® between the surface of the mercury
or other liquid metal, which we shall consider as 1deally polarizable,
and the auxiliary electrode ¢ is varied by means of the potentlometci

d.

Fig. 15. Circuit of the capillary electrometer. a) Caplllary; b) solu-
tion; c¢) auxiliary electrode; d) potentiometer (battery and reslistance
box) for applying the potential to the mercury meniscus in the capilla-
ry; e) 1lifting device for the mercury vessel for varying the mercury
pressure in the capillary.

The graphic representation of o as a function of ¢ is termed eclec-
trocapillary curve (Fig. 16, curve a). The differentlial equation of th:
electrocapillary curve which ~an be obtained by a thermodynamlic method
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(Lippman equation) has the following form:

=t (24)

Equation (24) enables ‘“he charge of the double layer to be deter-
mined from the slope of the electrocapillary curve. If o 1s expressed
in dyne:z per centimeter, and @ in volts, the numerical value of - %%
must be multiplied by 10—7 in order to obtain the magnitude of € in
coulombs per cm2. The Lippman equation can be verified by comparison of
the quantity e, calculated rfrom che slope cf the electrocapillary curve
(curve b in Fig. 16) with the values found experimentally, for example,

from the charging currents.

By differentiating Eq. (24) with respect to ¢ we obtain

= (25)
Thus the second derivative of tﬁe interface tension with respect
to the potential taken with the opposite sign expresses the differen-
tial capacitance of the electrode which can be measured directly with

great accuracy. This also makes an experimental verification of Eq.

6 ' o
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A’.“.- :| . . .7
‘ 330 l, Fe
£ ' E . O
J00 | i -3
Ceas 0 U0 g <0 @horom C

Fig. 16. Interphase tension o (curve a) and charge ¢ of the mercury
surface (curve b) as & function of potential. A) Dyne/cm; B) coulomb/
cme; C) volt.

(24) possible. Different methods of verification confirmed the correct-

ness of this equation.
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It follows from Eq. (24) that the charge ¢ is zero at the poten-
tlal corresponding to the maximum of the electrocapillary curve, posi-
tlve at more positive potentlals and negative at more negative poten-
tials.

The literature contains a large number of derivations of Eq. (24).
We present here a derivation which is based on the adsorption formula
of Gibbs and which 1s discussed in most manuals on physical and colloid
chemistry:

daps-—zfgdm. (26)

In this equation, w; expresses the chemical potential of the <Zth
component of a solution. In dilute solutions, as we know,

i = const 4 RTInc, (27)

The quantity ri’ the surface density of the ith component, can bc
determined by different methods. The following determination method
will be convenient for our purposes. We increase the interface area by
1 cm2. During the formation of fresh interfaclal area the composition
of the solution changes. If we desire that after the 1increase in the
interfacial area the composition of the solution and the surface layer
remain unchanged, ri moles of each solution component must be added to
the system. We carry out the summation in Eq. (26) for all components
except for the solvent itself. In the case of the common adsorption
processes the quantities Fi obvliously express the number of moles of
the Zth component, adsorbed on 1 cm2 of surface. In order to change
over from the Gibbs equation to the Lippman equation, we 1solate from
all the components of the system the ions which can pass through the
metal/solution interface, i.e., in the case of mercury, the Hg;+ ions.

If during the formation of one square centimeter of fresh mercury,
solution interface area the charge density 1s to be kept constant, «/2F :_

moles of Hg;+ ions must pass from the solution to the metal according
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to the Faraday 1law. Thus,

rl!ci’“";T (28)

and, consequently,

dom —T s dpygse— 3 Todpi= — g5 diyeee— FTodm, (29)
where the summation 1s now confined to the remaining dissolved sub-
stances.

Between the gquantity uH55+ and the potential difference ® exists
the thermodynamic relation

9=cons't+-§'Tpm‘.' (30)
which, according to Eq. (27), for dilute sélutions assumes the form of
the usual Nernst formula.

It foliows from Egs. (29) and (30) that

dow —edp— ) Tidp. (31)

Equation (31) is the general thermodynamic basis of the theory of
the electrocaplllarity phenomena.

For dilute solutions, expressing in accordance with Eq. (27) M
through c;» We can write

do = —sdp — Y RTTdinc,. (32)

In the particular case, when @ at the metal/solution interface
varies, d“i = 0 1s valld i1n a solution of constant composition, and Ea.
(31) is transformed into the Lippman equation.

If we determine o as a function of e experimentally at constant
9, we can, according to Eq. (32) find the values of i i.e., the ad-
sorption on the mercury surface for different components of the solu-
tion. This problem will be investigated in greater detail in §7.

A comparison of the dependence of o on ® with the dependence of o
on the concentration of the dissolved electrolyte enables us to predict

how the shape of the electrocapillarity curve should vary with varila-
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Fig. 17. Shape of the electrocapillarity curves as a function of the
concentration of KNO3 solutions: 1) 1 N; b) 0.1 N; ¢) 0.01 N; d4) 0.001

N. A) Dyne/cm; B) volt.

tion of the concentration. For the sake of simplicity, we shall consid-
er the case in which the adsorption of ions in the double layer 1s
caused only by electrical forces and in which only one electrolyte with
a concentration ¢ is present in the solution. Then, according to Eq.
(325

dom —ede—RT (Tx+Ta)dInc, (33)

where I', and rA, respectively, are the adsorbed quantities of catlon

K
and anion. The charge of the ion envelope of the double layer is obvi-
ously (nxrx — nAPA)F, where ny and n, are the valencles of the cation
and anidn, from which follows
sm —(nxlx—naTs) F. (34)
Let us assume that the metal surface carries a fairly strong nega-
tive charge and that specific adsorpt.on phenomena are absent. Then we

can use the approximation

sam —nxTxF (35)
and, according to Eq. (33),
de = nyTxF (dv— ;Er-r d 'm‘)- (36)
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It follows from Eq. (36) that do = 0 1f

d,—%dlm‘-oo
or, i1n other words, when the concentration varies by the amount de,
the negative branch of the electrocapillarity curve 1s displaced paral-
lel to itself by the distance (RT/nKF)d in ec.

When the solution 1s diluted this displacement occurs in the di-
rection of the more negative potentials. Analogously, the displacement
of the positive branch, as 1s easily shown, takes place in the opposite
direction by the amount (RT/nAF)d in e. As a result, the electrocapil-
lary curves become flatter when the solution 1s diluted (Fig. 17). The
above derlved relations can also be obtained from the theory of the
double layer which enables the quantity wl and, consequently, also ¢,
to be determined as a functlon of the concentration of the solutilon by

means of the equations (20) and (20a).

§6. ZERO CHARGE POTENTIALS

The electrode potential at which ¢ = 0 (measured relative to some
auxiliary electrode, for example, the normal hydrogen or normal calomel
electrode) 1s termed zero charge potential or zero point of the metal
?,, When the electrode potential passes through this polnt the sign of
the surface charge changes which, as will be evident from the follow-
Ing, can be of great importance for the kinetics of the electrode proc-
esses. Further on it will also be shown that at potentials close to the
zero charge potentlal, the electrode has the maximum capacity for ad-
sorbing dissolved organic substances and is less well wetted by the
solvent. These two circumstances are also of significance for the
course of the electrochemical processes. Hence the determination of the

zero charge potential 1is of interest for electrochemical kinetiecs [1,
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25, 28].

In the absence of a surface charge at the metal/solution interf:
processes of adsorption of 1ions and molecules, which we have termed
speciflic and which modify the potential difference between the metal
and the solution, can also take place. In this section we shall exami:
the zero charge potentials in the absence of specific adsorption.

The above-described methods of measuring the surface charge and

capacitance and also other methods such as the measurement of the in

terfacial tension, wettability, etc., are used for the determination of

the zero charge potential.

The first data on the zero charge potential were obtained by me:un:
of measurement of the 1interfaclial tenslion as a function of potential or
the basis of Eq. (24) and also by means of a determination of the po-
tential of the disconnected drop electrode.* The first method (electro-
capillary measurements) has lately been frequently used for the deter-
mination of the zero points of 1liquid metals: gallium, thallium amal-
gam, molten tin, cadmium, lead, zinc, etc. The determination of the
zero charge potentials in melts, carried out in several studies of S.V.
Karpachev [18] 1s also of great interest for the electrochemistry of
aqueous solutions because, as experiments have shown, the difference In
the position of the zero points varles 1little upon transition from the
solid metals 1in aqueous solutions at room temperature to molten metalc
at temperatures of 400-500°C.

The interface tension at the solid metal/solution interface cannot
be measured directly, but P.A. Rebinder succeeded in observing a phe-
nomenon which enables the variation of the surface energy of a solid
during variation of the potential tc be observed [19]. According to th«
theory of the disintegration of solids of P.A. Rebinder every influenc
which results in a decre;;e in the surface tension in the internal mi-
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crocracks formed during the process of mechanical rupture, causes a
decrease in the hardness of the solid and its capacity to withstand
brittle or plastic deformation. Thus a possibility 1is opened up for de-
termining the electrocapillarity curves of solids on the basis of their
hardness change with potential variation.

Figure 18 gives the curve (a) representing the hardness of thalli-
um as a functlon of the potential in 1 N Na,S0, [10] and the curve (b)
of the surface tension of saturated thallium amalgam in the same solu-
tion [20]. The two curves are entirely analogous and the potentials
corresponding to the curve maxima are very close; this indicates that
the hardness measurement can be used as a method for determining the

zero points.

ol Cawhs A
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Fig. 18. Curve showing the hardness of thallium (a) and the surface
tension of saturated thallium amalgam (b) in 1 N Nazsou as a function

of the potential. A) Dyne/cm; B) volt (n.v.e.).

Another widely used method for the determination of the zero
charge potential 1s the measurement of the capacitance of the double
layer in dilute solution. As we have shown (page ) it follows from
the theory of the double layer that near the zero point the degree of
diffuseness of the double layer is at a maximum and, consequently, its
capacitance is a minimum. Thus the zero charge potential can be fourd
from the position of the minimum on the curve which represents the dif-

ferential capacitance as a function of the potential. For example, the
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TABLE 1

Zero Charge Potentials ®, In Aqueous Solutions at

Room Temperature
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zero polints of solid lead, thallium and zinc [21, 22] have been deter-
mined by this method.

In the case of solilds from which electrodes with a highly devel-
oped surface can be easily made, such as platinum or carbon, the poten-
tial of the zero point at which the adsorption of cations as well as
anions ceases, can be found from measurements of electrolyte adsorption
1 671%

It wlll be shown 1n Chapter 5 that measurements of the contact an-
gles at the three-phase interface metal/solution/gas can also be used
for the determlnation of the position of the zero point of the elec-
trodes. In the absence of a charge the wetting of the metal by the so-
lution 1s a minimum and the above-mentioned contact angle 1s a maximum.
The zero charge potentials of mercury, thallium amalgam, platinum and
several other metals have been determined by this method [23].

Table 1 gives the zero charge potentilals @n measured by different
methods relative to the potential of the normal hydrogen electrode
(n.v.e.) on several metals.

It can be seen from Table 1 that the zero point potentlals of dif-
ferent electrodes differ considerably. From this follows an 1lmportant
conclusion which we shall explain by means of a concrete example. We
construct a circuit of a thallium‘electrode, an electrolyte solution
and a platinum electrode saturated with hydrogen. We choose the condi-
tions at the interface between the thallium and the solution and also
between the platinum and the solutlon in such a way that neither of the
two interfaces carries a charge, 1.e., that each electrode 1is at its
zero point. 3 1nally, we connect the electrodes by means, for example,
of copper wires with some device for the potential measurement. Then,
according to Table 1, we detect a potential difference of 0.91 v be-
tween the ends of the chain although there are no ionic double layers
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in this circuit.

This potential difference 1s composed of the potential dilfference:
which may be localized at the surface layers of the metals at the In-
terface with the solution but which do not involve a process of ion i
gration and caa also be present at the interfaces between metals. The
presence of a solvent, "~ter, 1s not essential for the appearance of
such a potential difference.

In fact 1t is known that 1n presence of a conducting contact be-
tween two metals in a vacuum a potential drop 1s also established 1In
the space between them which 1s usually referred to as contact poten-
tial difference. The existence of contact potential differences exerts
an important 1influence on the processes of electron emission and is of
great importance for radio engineering.* The zero charge potential
differences of different metals may be regarded as quantities analogous
to the contact potential differences, but measured not in vacuo but 1In
a liquid medium, water.

The measurements of S.V. Karpachev [18] who showed that the zero
point potential differences 1n many cases are similar to the contact
pot2ntial differences measured in vacuo, are in complete agreement wilth
this conclusion.

Thus the 1investigation of the structure of the double layer leads
us to the conclusion that the potentlal difference at the ends of a
galvanlic circuit, equal to its electromotoric force, consists of two
components: one of these 1s composed of the potential differences In
the lonic double layers and the other 1s analogous to the contact po-
tential difference between metals in vacuo.

The problem of the relationship between the e.d.s. of a galvanlic
circuit and the contact potential difference has always lInterested the

electrochemists (the so-called Volta problem) [25].
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F. Engels in his "Dialectic of Nature" has given great attention
to 1t. The German electrochemical school following W. Nernst, has con-
nected for a long time the appearance of a potential difference at the
ends of a galvanlc clrcuit exclusively with the formation of 1ionic
double layers without taking 1into account the contact potentials. An
opposite point of view was upheld, for example, by Langmuir [26] who
identified the total e.d.s. of the circult with the contact potential
difference between metals. As follows from the above both these points
of view are erroneous; a correct solution of the Volta problem became
possible only after A.N. Frumkin and co-workers eluclidated the meaning
of the zero polnts of metals, gave methods for the dctermlnation of
thelr positions and established thelr connection with the contact po-
tentlial difference.

The existence of potential differences in the surface layer of a
metal 1n vacuo according to Ya.I. Frenkel' [27] 1s due to the fact that
the electron gas in the metal extends slightly beyond the limits of the
positive 1lons of the metal lattice. This distribution of the electron
cloud is connected with the so-called "zero" (i.e., retained at abso-
lute zero) kinetic‘energy of the electron gas; these questions are dis-
cussed in the electronic theory of metals. The potential differences 1n
the surface layer of a metal exist independently of whether the metal
Is in a vacuum or 1n contact with a solvent, but th2ir magnitude may
vary slightly during contact with a liquid medium. In consequence of
this a certaln parallelism should be observed between the contact po-
tentlials in vacuo and the difference of the position of the zero polnts
but not necessarily an accurate quantitative coincidence.

When the metal comes into contact with a solvent the potential
variation in the 1ionlc double layer which we have already discussed 1is
superposed on the electronic potential difference in the surface layer
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of the metal and, as we shall see in §7, the potentlal differcnces,
caused by the adsorrtion of lons and molecules of the solven and col
utes. Thus the total potential difference at the metal/solution inter
face 1s composed of a number of hetergeneous conponents. At the pres
time there are not direct experimental methods for the determination
the magnitude of a single potential difference.* If we had an accurate
picture of the electron distribution in the surface layer of the meta
and liquid, we could calculate this value but the level of developme:
of the theory does not enable such calculations to be carried out at
present with a sufficlent degree of accuracy. Hence the problem of ti
determination of the values of the individual potentlal differences
conditions at which they vanish (the so-called "absolute zero of the
potentials") which has often been examined by the electrochemists, re
mains as yet unsolved.

However, a knowledge of the individual poctential differences 1is
not essentlal for the solution of concrete electrochemical problems s
that the problem of the "absolute zero potentials" 1s not of great im-
portance for the development of electrochemlstry. On the contrary, we
often have to deal with that part of the potential difference which
lies in the 1onic double layer and whose magnitude is determined by the

position of the zero charge point of the metal.

§7. ADSORPTION OF IONS AND MOLECULES

At the metal/solution interface, as at any other interface, vari-
ous adsorption phenomena take place in addition to those which are di-
rectly connected with the migration of lons from one phase 1lnto the
other and the charge of the surface. In order to distinguish them fr
adsorption, which can be determined from the electrlc forces on the b
sis of the equations (5) and (5a), these phenomena are often termed
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specific. The existence of specific adsorption phenomena indicates that
even in absence of an electric field there 1s a certain work of adsorp-
tion, which 1s gained during the transfer of a mole of substance from
the 1interior of the solution to the interface. For the case of the ad-
sorption of ions the positive work of adsorption at an uncharged sur-
face 1s equal to the values which we have designated in §3 by ¢,  and ¢_
with opposite sign. As has been indicated durling the description of the
theory of the double layer, the presence of an electric field modifies
the magnitude of this work so that the specific and electrical adsorp-
tion phenomena a2re generally closely interrelated.

Our knowledge concerning the specific adsorption of ions and mole-
cules at the metal/solution interface 1s primarily based on the data
obtalned in the study of the electrocaplillarity phenomena on mercury
and amalgams in solutlions of different composition. A comparison of the
specific adsorption on the uncharged mercury/solution interface with
adsorption phenomena on other interfaces, for example, at the interface
solution/alr, shows that in spite of several characteristic features,
connected with tne presence of a metallic phase, these adsorption phre-
nomena cobey the same laws in many respects. Hence the experimental ma-
terial relating to adsorption at the solution/gas interface [29] can
also be used for the interpretation of the specific adsorption phenom-
ena.

At the mercury/solution interface, as Gouy [30] showed, the spe-
cific adsorption of anions 1i1s particularly clearly manifested. The an-
ions Br , SNS*, I~ and SY 1lower the interfacial tension at an un-
charged (or positively charged) mercury surface considerably and, con-
sequently, according to Eq. (32) are strongly adsorbed on it (Fig. 19).
In contrast to these lons, the anions co; e SOE -, HPOE ~, OH  and
others do not lower the interfaclial tension at the uncharged mercury/
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solution interface, but in sufficlently concentrated solutions even
slightly increase it, which indicates thelir negative adsorption. The
first group of anions 1s usually termed surface-active, the second

one, surface-inactive.

I‘.I I'* -u @ berom(np))

Fig. 19. Effect of the adsorp-
tion of the ions C1 , Br , I
and SH on the shape of the
electrocapillarity curve. A)
Dyne/cm; B) volts (n.v.e.).

The lowering of the maximum of the elec-

trocapillarity curve upon adsorption of an-

AE A §: lons, as can be seen in Fig. 19, corresponds
; : to a displacement of it to more negative po-
tentlals.
- ] Let us compare the state of the metal/

Fig. 20. Structure of solution interface in Nazsou and KI solutions

the double layer in a _ - ,
solution of Na,SO, at the same potential @ (qh)KI correspending

(a) and KI (b) at the to the maximum of the electrocapillarity curve
potential of the max-

imum of the electro- in KI solution (Fig. 20a and 20b). In the case
capillarity curve in

a solution of KI. A) of the solution of the inactive electrolyte
Metal.

Naasou the metal surface at thls potential
does carry a negative charge (Fig. 20a). In the KI solutlon at the same

potential ¢ = 0 1s valid, and the presence of a negatlve potential dif-
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ference between metal and solution 1s determined by the presence of a
layer of adsorbed anions at the metal surface which attracts the cat-
ions electrostatically (Fig. 20b). As follows from Eqs. (4) or (12), at
e =0 ¢a =¥y, i.e., the total potential variation in the double layer
i1s localized at distances from the metal surface whlch exceed the ef-
fective radius of the first ion layer. Let us point out that in the
case of a strong specific adsorption the magnitude of wl may be consid-
erable without the double layer having to extend far into the solution
and does not decrease but increases with increasing concentration of
the solution. The relation between the position of the maximum of the
electrnocapillarity curve in the solution of a surface-active electro-

lyte and the magnitude of wl is 1llustrated in Fig. 21.

‘

Vil s0,/Ples =¥

Fig. 21. Relation between the potential of the maximum of the electro-
capillarity curve 1in an inactive (a = NaQSOu) and in an active (b = KI)

electrolyte and the magnitude of the wl potential in the latter,

Let us dwell a little longer on the state of the metal surface in

Nazsou and KI solutions in the potential range between the values ¢ =

(wn)Nagsou and ¢ = (wn)KI‘ In this range (Fig. 21) the potential dif-
ference between a point on the mercury surface and a point on the in-
terior of the solution 1s negative in both cases but the sign of the
quantity € 1s different: in the Nazsou solution ¢ < 0, and in the KI
solution ¢ > 0. The existence of a negative potential difference be-

tween the surface and the interior of the solution with a positive sign
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Fig. 22. Potential distribution at the met=_/solution interface in
presence of specific adsorption of anions (t..ick curves) and in the at
sence of such adsorption (dashed lines); a) itne potential difference

®_ 1s negative; b) the potential differe .. ¥ is positive.

a
of the charge 1s possible only 1if the wl potential varles within the
double layer with the distance x in such a way as indicated by the
thick line 1in Fig. 22a. Going from the interface to the plane in which
the centers of the adsorbed ions are situated, the potential drops;
with further increase 1n the distance z, 1.e., in the region wnich con-
tains excess cations, it increases again. In this case it would have
been more correct to speak of a triple and not a double electrical lay-
er.

At potentials which are more positive than the zero charge poten-
tial, the quantity *1 in a solution of an inactive electrolyte 1is pos-
itive. However, in presence of coﬁsiderable specific adsorption the
charge of the anions close to the interface exceeds in absolute magni-
tude the surface charge of the metal, in consequence of which, in ac-
cordance with Eq. (34), the quantity ry should be positive. Thus, in
presence of specific adsorption of anions the adsorption of cations 1is
positive not only with a negative but also a positive surface charge.
Because the cations in this case form the diffuse part of the double

layer, the *1 potential should increase with increase in x beyond th
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limits of the plane in which the centers of the anions are situated, as
in Fig. 22a. On the whole the potential distribution in this case cor-
responds to the thick line in Fig. 22b. As this graph shows, in spite
of the positive value of e, the quantity wl in this case is negative,
This phenomenon is normally termed surface charge reversal.

The magnitude of the anion adsorption, as follows, 1in particular,
from Fig. 19, depends on the surface charge. At falrly high negative
charges the electrostatic repulsion predominates over the specific ad-
sorption forces, and the adsorption of anions ceases (the electrocap-
illarity curves flow together); in presence of a positive surface
charge the action of the electrostatic and specific adsorption forces
ls additive and a strong adsorption effect 1is observed.

We have given here in an elementary form a picture of the phenom-
ena, which occur in the adsorption of anions, based directly on experi-
mental data. These conclusions can be refined on the basls of the doub-
le layer theory. To obtain correct results, however, it 1is necessary to
take into account not merely the existence of the specific work of ad-
sorption of the anions but also the difference in the distances of the
"closest approach" of the cation and anion to the electrode surface.
The problem of the dependence of the numerical value of wl on electro-
lyte concentration has been examined in the works of O.A. Yesin [31],
B.V. Ershler [6] and others.

The adsorption of anions is a widespread phenomenon, which 1s fre-
quently encountered in the consideration of the mechanism of electrode
processes. It 1s observed at the metal/solution interface in the case
of many metals, although possibly it 1s not always so clearly apparent
as in the case of mercury. There exists a certain analogy between the
specific adsorption of anions at the metal/solution interface and the

formation of complexes of the type HgIE ~ or PtClg ~ 1in which the metal
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cation is surroundecd by anions.

In contrast to the inorganic ions, the inorganic cations, as a
rule, do not show a marked specific adsorption on the uncharged mercu-
ry/solution interface (the thallium ion ™% forms an exception). More
accurately, for the univalent cations there 1s even a certain negative
work of adsorption, which can be detected by means of electrocapillari-
ty measurements in concentrated solutions [32]. However, the measure-
ment of the capacitance of the double layer, which iIs a more sensitlv
test method than the measurement of interfacial tension, shows that
polyvalent cations such as La+++, Th++++, etc., are adsorbed on mercury
in presence of a weak negative surface charge in quantities which rep-
resent an excess relative to the surface charge. In other words, 1like
the surface-active anions, the polyvalent cations cause a charge rever-
sal of the surface but with opposite sign of the effect [10]. Many or-
ganic cations, such as, for example, tetrasubstituted ammonium deriv-
atives (Fig. 23) show a marked specific adsorption on the metal/solu- <
tion interfice. One can easily imagine that € = 0 v 0 so that *“he
specific adsorption should result in a shift of zero charge potential
to more positive values of @, as is actually observed in the experi-
ment.

Numerous organic compounds are also adsorbed at the metal/solution
interface with formation of monomolecular®* orientated layers.

Figure 24 shows as a typical example the electrocapillarity curve
of normal NaCl solutions containing tertiary amyl alcohol 1n different
concentrations (in the measurement of the electrocapillarity curves of
solutions of organic nonelectrolytes a surface-linactive electrolyte is

always added to the latter which makes the solutlon suffliciently con-

ductive). o
L 4
As in the case of adsorption on the free surface of solutions, the
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adsorption at the metal/solution interface increases with increase in

the length of the hydrocarbon chain. Many active-surface substances

6 . :
A dmpw b
" 000 :

& 0 -8 -8 y
I;hummms

Fig. 23. Electrocapillarity curves of 1 N Na,S0, (1) and 1 N NaZSOU

with addition of tetrabutyl ammonium sulfate (2). A) Dyne/cm; B) volt
(n.v.e.).

such as, for instance, the alipnhatic alcohols, behave similarly on all
interfaces, i.e., their adsorption is about the same in both cases.

In some respects, however, the adsorption at the metal surface
has certain typical features compared with the adsorption at the solu-
tion/gas interface. Thus, the introduction of several hydroxyl and oth-
er oxygen-containing groups, although it reduces the adsorption at the
metal interface, 1t does so to a much lesser extent than in adsorption
at the gas interface so that compounds such as saccharose, which are
entirely inactive in the last-mentioned case, are markedly adsorbed at
the mercury surface. A characteriétic feature of the adsorptilon at the
metal interface is also the large adsorption of compounds containing
sulfur, bromine, iodine atoms and also many aromatic compounds.

Figure 25 shows the electrocapillarity curves of solutions of
thiourea with different concentration in presence of 1 N stou. Thic-
urea is an example of a substance which 1s strongly adsorbed on metal
surfaces and 1s inactive at the solution/gas 1interface.

A study of the electrocaplillarity curves of solutions, containing
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organlic substances, leads to several important conclusions regarding
the properties of the adsorbed layers at the mercury/solution inter-
face. Let us point out first of all that the adsorption of organic

molecules usually shifts the maximum of the electrocapillarity curve.

In the case of the adsorption of aliphatic compounds containing oxyger

T N O

or nitrogen, the shift takes place in the direction of more positive
potentials (Fig. 24). Compounds containing atoms of sulfur, halogens, !
and many aromatic derivatives displace the maximum in the direction of
more negative potentials (Fig. 25) 1like the surface-active anions. Be-
cause at the maximum of the electrocapillarity curve ¢ = 0 and an lonic
double layer at the interface is thus absent, the shift of the zero
charge potential can be accounted for only by the fact that the ad-
sorbed molecules, which are dipoles, are orientated in a certain way
(Fig. 26). In presence of a layer of orlentated dipoles between metal
and solution there should be a potential difference whose sign coin
cides with the sign of the charge of the atoms situated close to the

metal.®

L L L

N, $ &
Sonimn e P v .‘.',.2,“:; B

B
Fig. 24. Electrocapillari- Fig. 25. Electrocapillarity
curves of solutions of 1 N

ty curves of solutions of

1 N NaCl containing terti-
ary amyl alcohol. Concen-
tration of the alcohol 1n
moles per liter: 1) 0.01;
2) 0.05; 3) 0.1; 4) 0.2;
5) 0.4. Upper curve: 1 N
NaCl without addition. A)
dyne/cm; B) volt (n.v.e.).

HySOy containing thiourea.
Concentratlion of the thio-
ures: 1) 0.008; 2) 0.016;
3) 0,031: ¥) 0.9062;5)
0.12%; 6) 0.255 7) 0.5; '8)
1 mole/liter. Upper curve:
1 N H,S0y without addition.

A) Dyne/cm; B) volt (n.v.e.).
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Typical for the adsorption processes at the metal/sclution inter-
face 1s the marked dependence of the adsorption on the potential. The
lowering of the surface tension caused by the adsorption of organilc
molecules 1is observed only within a certain potential range, situated
c¢n both sides of the zero charge potential of the electrode in the ini-
tial solution of the inorganic electrolyte (Fig. 24). With sufficient
distance from the zero point on either side the lowering of the surface
tension and, consequently, also the adsorption, disappear. Figure 27
shows the adsorbed quantity I' of normal butyl alcohol as a function of
the potential ¢ at constant concentrations of the butyl alcohol ([33].
The quantity I has been calculated by means of Eq. (32) from the sur-
face tension values measured at constant potential in solutions of 3 N
KCl, containing different concentrations of butyl alcohol. It 1is evi-
dent from Fig. 27 that the quantity I attains its maximum in the poten-
tlal region close to the zero charge potentlal®* and converges to zero

in presence of large surface charges.

[ ¥
-
A
F
] J‘"'
éf’“ :: .
0 -6s -0 ¢ B
: Oosem (5. 0.0 )
Fig. 26. Scheme Fig. 27. Adsorbed quantity
of the arrange- I of butyl alcohol as a
ment of the ad- function of the potential
sorbed dipole @ of the mercury electrode.
molecules. A) Composition of the solu-
Metal. tions: 3 N KC1 + n-butyl

alecohol (the concentration
of the latter 1s indicated
in_the diagram). A) Mole/
em<; B) volt (n.v.e.).
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This dependence of the adsorption of uncharged molecules on poten
tial appears surprising at first glance. It can be explained, however,
if attention 1s given to .he variation of the capacitance of the doub]
layer caused by the adsorption of the organic molecules [34]. Indeed,
calculation of the capacitance by means of Eq. (25) shows that at po-
tential values at which adsorption of organic substances occurs, the
capacitance is considerably lower as follows directly from the very
flat shape of the electrocapillarity curve in presence of organic sub-
stances. The capacitance of the electrode in presence of adsorbed sub-
stance can also be measured directly (see §l),.

Figure 28 gives the differential capacitance as a function of po-
tential for an Nazsou solution containing octyl alcohcl and for compar-
ison purposes the same dependence for Na2SOu solution in the absence of
the alcohol [35]. It can be seen that in the middle part of the curve,
which corresponds to the region of adsorption of the alcohol, the ca-
pacitance is greatly reduced compared with the values in the initial
solution. The differential capacitance curve in Fig. 28 has two sharp
maxima at the ends of the adsorption range which will be discussed fur-
ther on.

The lowering of the capacitance caused by the adsorption of organ-
ic molecules indicates that these molecules are introduced between the
metal surface and the lons of the double layer. Between the plates of
the double layer appears a layer of organic substance with a lower di-
electric constant compared with water thus lowering the capacitance. At
the same time the distance between the centers of the ions of the first
layer and the metal surface 1s probably also reduced.

If one introduces into the space between the plates of a charged
capacitor a body whose dielectric constant 1s less than the dielectric
constant of the uniform medium, which fills this space, then, as we
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Fig. 28. Effect of surface-active substances on the dirferential capac-
itance ¢ of the nercury electrode: a) 1 N Na2sou; b) the same solution

with addition of octyl alcohol. A) Volt (n.v.e.).

'
know {rom electrostatics, the electric field of the capacitor opposes
this introduction. In cthe same way the electric flield of the ionic
double layer opposes the appearance of organic molecules, which lower
the capacitance of the double layer, at the metal surface, and if the
charge density 1s sufficiently high, the adsorption process is com-
pletely errested.

This phenomenon is also reminiscent in many respects of the salt-
ing-out of organic substances from aqueous solutions when large quanti-
tles of electrolytes are added to them. To the lowering of the solubil-
ity of a substance with a lower dielectric constant, caused by the
electric flelds of ions, corresponds the lowering of the adsorption in
the case which interests us here.
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A quantitative treatment of this phenomenon can e given easily o
the basis of Eq. (32) [34].

Let us assume that the variables in our system are the potential
difference ¢ and the concentration ¢ of ti.e adsorbed substance. Then

Eg. (32) is reduced to the following form:

gh-,:-od,-—RT['dln’c. (37)
Because thLe right part of the equation is a total differential,
(o) ay
(ﬁ'c>v -y (5):' (38)
Taking into account that
& h\ 7
(at2),= (3 ), (),

and

' X dine . fdIne
&).(F),==(F)r
we find from Eq. (38)
[ dlng féIne
(‘)0'- R’: (g)c (Tv)v e RT (T)l‘ (39)

Equation (39) enables us to determine, if we make the simplest as-
sumptions concerning the dependence of the charge on the adsorbed quan-
tity I, how the concentration ¢ corresponding to the constant adsorbed
quantity I', varies with variation of ¢, i.e., how the adsorption of the
substance varies with potential. In this manner we can derive the fol-

lowing relation:

=22 = [ 30— C'va (9 —20) | 3 (40)
The quantities e, and c@a here 1indicate the concentrations corre-
sponding to the same adsorption at the zero charge potential and at a
potential which differs from the latter by the amount @a; C 1s the ca-
pacitance of the double layer in the original electrolyte solution

which 1s considered constant, C' 1s the capaclitance of the double layer

when the surface 1s filled with adsorbed molecules, ¢y the shift of
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the zero potentlial when the surface 1s filled, and S 1s the area cov-
ered by one mole of adsorbed substance under conditions of complete
coverage.

By means of Eq. (40) it 1s possible to determine with satisfactory
agreement with experiment the shape of the electrocaplillarity curves
obtained with solutions containing adsorbed substances. Because accord-
ing to the above, ¢ > C', the sign of the right part of Eq. (40) 1is al-
ways positive at sufficiently large values of Iwal; in other words at
sufficiently great distance from the zero point the concentration of
the adsorbed substance corresponding to a certain adsorption value, in-
creases with further increase i1n this distance. It follows from this
that at constant concentration the adsorption decreases with increase
in Iwal as 1s actually observed in the experiment.*®

A more detalled analysis of these relations leads to the conclu-
sion that the variation of the adsorbed quantity with potential at the
limits of the adsorption range should be very marked as 1s evident from
Flg. 27. Such a variation of adsorption with potential should lead to
the appearance of maxima on the curve representing the differential ca-
pacitance as a function of potential. In fact we designate the propor-
tion of the surface occupied by the organic molecules by 6 (6 = r+s).
and we assume for the sake of simplicity that the adsorption of the or-
ganic molecules does not shift the zero point. The surface charge can
be approximately expressed as the sum of the charges of the part of the
surface 1 — 6, which 1s free of adsorbed molecules and the part & of
the surface occupied by them:

o= Cya (1 = 0) + C'al- (41)
From Eq. (41) we obtain for the differential capacitance the ex-

pression
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c.-?‘,;-cu-o)+c'o-?-d:(c-c:')v.. (42)
The first two terms of the right part of Eq. (42) give the capac!
tance values situated between the capacitances at 6 = 0 and 6 = 1,
i.e., ¢ and C'. The third term connects the differential capacitance
with the dependence of the adsorption I' on the potential. It 1is easi]
seen that 1t always has a positive value at the limits of the adsorp-
tion range. Indeed, let us consider, for example, the left 1limit of ti
adsorption range in Filg. 27. In this case 0 increases with decreasing
9, SO that —(98/39) > 0; further, g Bi=® > 0 and, consequently,
—g—:(c-c')v.>0.

At the limits of the adsorption range, owing to the marked varia-
tion of “he adsorption with the potential, the absolute value of 36/497
increases rapidly in consequence of which sharp maxima appear on the
curve giving 9¢/39 as 2 function of o.

Whilst the measurement of the electrocaplllarity curves 1is possi-
ble'only in the case of liquid metals, the method of capacitance meas-
urement has a larger fleld of application. Measurements of the differ-
entlal capacitance C of different solid metals, for example lead, cad-
mium and tin in solutions, contalning adsoried impurities, have shown
that in these cases adsorption takes place only within a certain poten-
tial interval near the zero point of the given metal [36]. Within thic
interval the differential capacltance values are low and pass through

their maxima at the limit of this range.

§8. ADSORPTION OF HYDROGEN ATOMS
In addition to the adsorption of ions and molecules, the electrn-
chemical properties of metal surfaces are strongly affected by the ad-

sorption of hydrogen and oxygen atoms and in some cases of other ele-
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ments as well,

As we know, many metals, particularly the platinum group metals,
and under certaln conditions also nickel, possess the capacity for ad-
sorbing hydrogen to a high degree. The physical adsorption of hydrogen
(1.e., adsorption by virtue of intermolecular forces) at normal temper-
atures 1s vanishingly small. Chemically the hydrogen molecule is com-
pletely saturated an? ~~rked adsorptic- - hydrogen thus 1ndl.ulcic a
decomposition of the hydrogen molecule during the adsorption process
into chemically unsaturated free atoms. The existence of such a decom-
position also follows from the paralleiism existing between the phenom-
ena of hydrogen adsorption and its solution in metals. As follows from
experiment, the quantity of hydrogen in the metal at low hydrogen con-
centrations in the solution 1is proportional to square root of its con-
centration in the gas phase. It follows from this that hydrogen is dis-
solved in a metal not in the form of molecules but in the form of at-
oms. This inference can also be applied to the case of hydrogen adsorp-
tion.

Because the heat of dissociation of the hydrogen molecule 1is 102
kcal per mole, a positive heat of adsorption of hydrogen 1s possible
only i1f the heat of adsorption of atomic hydrogen on the metal exceeds
half this value, 1l.e., 51 kcal per gram-atom. Thus a marked adsorption
of hydrogen can be observed only on metals which have a strong affinity
for the hydrogen atom.

The ability of metals to adsorb hydrogen is retained in the pres-
ence of electrolyte soluticns., In this case, as the work of A.N. Frum-
kin, A.I. Shlygin and B.V. Ershler showed, the method of charging
curves can be used with success for the investigatlion of the properties
of hydrogen adsorbed on the surface of a metal electrode [8, 14, 15].

According to §l, 1t is essential for the use of this method to ex-
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clude the possibility of electrochemical reactions with substances
contained in the volume of the solution. If a positive charpge is sup-
plied to a platinum electrode which 1s in equilibrium with a solutio:
saturated with hydrogen under atmospheric pressure, the dissolved mc
lecular hydrogen 1s ilonized, and a current passes through the elec-
trode. Under these conditions it is impossible to record the charging
curve. However, it 1s not difficult to create conditions under which
the quantity of dissolved hydrogen 1s small compared with the quanti

of adsorbed hydrogen. In addition to an increase in the electrode su:
face and a decrease in the volume of the solution (see §4) this can tb.
achieved by lowering the concentration of the hydrogen dissolved in ¢
electrolyte. As will be shown further on, the quantity of hydrogen ac
sorbed at the electrode decreases when its concentration iIn the volurn
is reduced much more slowly than the quantity of hydrogen in the solu-
tion with which the electrode is in equilibrium. Hence prior to record-
ing the charging curve it 1is preferable to eliminate a large part of
the hydrogen dissolved in the electrolyte, for example, by passing n!-
trogen through it. Thils removes only a small proportion of the adsorbed
hydrogen from the electrode. By imparting then increasing quantities ¢
of electricity to the electrode, we obtain the charging curve of the
platinum electrode without distortion by any collateral processes. Such
a curve is shown in Fig. 29.

The slope of the charging curve obviously gives the value 3¢/3@
equal to l/SCd, where S 1is the electrode surface area, and Cd its dif-
{ferentlal capacitance. In the case of smooth platinum the true surface
exceeds the visible surface only slightly, and the capacitance per unit
of surface can thus be estimated from the charging curve.

As Fig. 29 shows, the capacitance of a platinum electrode is quit
different at different potentials. The charging curve consists of thr:
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5 ‘ y clearly delimited sectlions a, b, and ec.
The capacitance of the platinum electrode
in the middle section of the curve is 20-
50 uF/cmz, i.e., 1t 1s similar to the ca-

= pacitance of the mercury electrode. In

the section a the electrode has a much

greater capacity, up to 2000 uF/cmg. Be-

0 a
? o8 meWvaB cause in the measurement of the potential
Flg. 29. Charging curve of
the platinum electrode in
1 N HC1l. A) Volt (n.v.e.);
B) millicoulombs.

as a function of the transmitted quantity
of electricity we start out wlth a state
of the electrode in which adsorbed hydro-
gen 1s present on its surface it 1s logical to connect the observed ca-
pacitance 1increase with the removal of adsorbed hydrogen from the plat-
inum surface. Indeed, if in the 1nitlial point of the charging curve the
quantity of hydrogen adsorbed on the unit surface, were equal to Ao,
(Ao.— A)SF coulombs, which are used for the transformation of the ad-
sorbed hydrogen into ions which pass into the solution, in accordance
vith the reaction

Hupe— H' +¢.
would have to be imparted to the electrode, to achleve a state in which
the adsorbed quantity is equal to 4.

This quantity of electricity 1s added to that used for the charg-
ing of the double layer and which is evidently (e — eO)S, where the
charge denslities €0 and ¢ refer to the initial and final state of the
electrode. Thus, between the quantity @ of electricity, supplied to the
electrode, the variation cf the adsorbed quantity of hydrogen and the
surface charge there should exist the relation

Q=(Ay— A)SF+(s—1) S (43)
or, in the differentiated form
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AQ= —AA . SF+4A4c - S. (h3a)

Because 1n the section b of the charging curve the capacitance
the electrode, as we have pointed out earlier, has a value close t
normal capacitance of the double layer, the adsorption of hydrogen
this region 1s obviously slight and the first term of the right par
Eq. (43a) does not greatly affect the magnitude of A¢ (double layer re
gion of the charging curve#),

The situation 1s different 1k the section a of the charging c
It follows from the very high capacitance that in this case — AA"F
large compared with Ae. By way of a first approximation it can also t
assumed that practically all the electricity supplled to the electron
1s consumed in the removal of the adsorbed hydrogen and thus it is g

slble to determine the quantity 4, — A4 from Q.

0

Because the value of A vanishes or becomes very small at the end
of the section a, the value of 4 can also be determined for any point
of this section of the charging curve. This determination can be mad

more accurate by estimating the magnitude of ¢ — €0 by means of the

'V_

slope of the charging curve in the double layer region or by detern
ing it in some other way (for example, from the dependence of the ad-
sorption of the 1ons 1involved in the formation of the outer plate of
the double layer on the potential, as has been explained in §4).

The process of removal of the adsorbed hydrogen 1is reversible, Ii

deed, 1f at any point of the section a or b of the charging curve (Fig.

29) the direction of the current is reversed, the charging curve can b
traced in the opposite direction. Experiment shows that the "cathodc"
charging curve obtained under these conditions coincldes almost com-
pletely with the "anode" curve during the recording of which the poten
tials changed from more negative to more positive. It follows from the
reverse charging curve that the states during which the electrode pn
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es during the recording of the charging curve may, with a sufficient
degree of approximation, be considered as equilibrium states. In this
way one can establisn the equilibrium relatlonship between the elec-
trode potential ¢ and the quantity 4 of adsorbed hydrogen.

It follows from the approximate linearity of the charging curve
that thils relationship 1s also linear:

A=p—qm (4b)

where p and g are constants (4 decreases with increasiag o).

The adsorption 1sotherm of hydrogen on the electrode surface 1is
readily obtained from Eq. (44). Indeed, the value of 9 can be expressed
by the Nernst formula via the partial pressure Py of the molecular hy-

2
drogen, which 1s in equilibrium with the electrode:

v=9"—2F Inpn,
where wo is the value of ¢ in the glven solutlon at Py = 1l atm. Sub-
stituting this expression for ¢ in Eq. (44), we obtain2

A=a'+b'Inpy,, (4ba)

where a'’ and b' are constants. Examination of the charging curve shows

that the logarithmic relation applies over a wide range of variation of

PH2-

The existence of such a relationship calls for an explanation.
During the adsorption of a dlatomic gas, involving dissociation into
atoms, on a uniform surface in the absernce of any forces of interaction
between the adsorbed atoms the adsorption isotherm is determined by the
following relation (Langmuir equation):

a2V
A Acn |+“Vm‘ (u5)

where A_ 1s the linit adsorption with complete filling of the surface,
and w 1s a constant. With a slight degree of filling this relation ex-
presses the proportionality between A and the square root of Py -

2
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The experimentally observed logarithmic isotherm differs conside
ably from the isotherm derived on the basis of the aforementioned sim
ple assumptions; it gives a much slower increase in the value of A4 wif!
pH2. This slow increase shows that the differential work of adsorptlo
decreases in proportion to the filling of the surface. The variation of
the work of adsorption may be caused, for example, by nonuniformity of
the surface. On a nonuniform surface and with low pressures of the ad-
sorbed gas the more active sites of the surface are filled, and at
large pressures the less active sites. In consequence of this the work
of adsorption gradually decreases with 1lncrease in the dzgree of fill-
ing.

These problems have been examined in detall by the Soviet physical
chemists S.Z. Roginskiy [37] and, particularly with application to
electrochemistry, by M.I. Temkin [38]. Another cause of the decrease in
the work of adsorption may be the existence of forces of repulsion be-
tween the adsorbed atoms [39]. Both these concepts give a logarithmic
adsorption 1isotherm under certaln assumptions. We ought to mention that
an analogous logarithmic relationship between the quantity of adsorbed
hydrogen and its pressure is observed in the dissolution of hydrogen in
certalin metals which dissolve hydrogen readily, for example, in palla-
dium, provided that the concentration of the dissolved hydrogen in the
metal 1s fairly large (the so-called 8 phase region in the system Pd-
H). This leads us to the conclusion that the process of hydrogen ad-
sorption under the above-considered conditions can be regarded as a
dissolution of hydrogen limited to the surface layer of the metal [8].

The measurement of the charging curves also enables some other
interesting properties of adsorbed hydrogen to be observed, 1in partic-
ular, the dependence of the metal/hydrogen bond energy on the nature of 5
the electrclyte. As Fig. 30, which gives the charging curves of a plat- b
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inized platinum electrode in solutions of KOH, HQSOu, HC1l and HBEr,
shows the adsorbed hydrogen is removed from the surface at much less
positive potentials in HBr than, for example, in H2SOu and particularly
in KOH. A more detalled examination of these relationships results in
the conclusion that the presence of anions near the metal surface al-
ways causes a lowering of the Pt-H bond energy, and the presence of
cations an increase. This can be explained by assuming that thes metal
and hydrogen atoms which are bound together form dipoles with the neg-

ative ¢nd turned outwards.

Y 02 61 & o5 05 o7@
a0 92 o3 oy 05 ; dhbﬂ

Fig. 30. Shape of the charging curve as a functlon of electrolyte com-
position: charging curves in 1 N KOH, 1 N HBr and 1 N stou. A) Volt
(n.v.e.); B) coulomb/cme<.

By the method of charging curves it 1s possible to detect the
oresence of layers of adsorbed hydrogen in presence of electrolyte so-
lutions on metals of the platinum group (platinum, iridium, rhodium)
and also on nickel and silver in alkallne solutions,

On the surface of mercury, lead, zinc, thallium and cadmium ad-
sorbed hydrcgen could not be detected by these and other analogous

electrochemical methods, and it may be assumed that adsorption of hy-
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drogen in presence of electrolyte solutions on the surface of these
metals does not take place in measurable quantities. The practically
complete absence of adsorbed hydrogen at the solution/mercury interfac
has been particularly carefully confirmed.

As pointed out previously, the adsorption of hydrcgen involves a
decomposition of the H2 molecule into atoms. However, the propertles ot
the adsorbed hydrogen, owing to the large Me-H bond energy, differ con-
siderably from the properties of free atomic hydrogen. This becomes
particularly clear i1f the concentration of free atomic hydrogen in the
gas phase in equilibrium with the adsorbed hydrogen 1is determined.

Because the standard free energy of the dissociation reaction of
the hydrogen moclecule, which can be determined from spectroscoplic data,
amourts to 96.7 kilogram calories, the potential of the hydrogen elec-
trode in equilibrium not with molecular hydrogen but with atomic hydro-
gen at a partial pressure of the latter in the gas phase equal to at-
mospheric, should be —(96,700/2-23,060) = =2.096 v.

The partlal pressure of atomlic hydrogen in equilibrium with molec-
ular hydrogen at atmospheric pressure, and, consequently, also with the
adsorbed hydrogen at the potential of the standard hydrogen electrode,
1s thus 1072-1/0.058 _ 14=35.5 ,¢p.

This pressure and the concentration corresponding to it are im-
measurably small, while the concentration of the adsorbed hydrogen, for
example, in the case of the platinum electrode at the potentlal of the
normal hydrogen electrode 1s quite considerable as follows from the
charging curves.

In Chapter 3 we shall return to the problem of the dependence of

the adsorption eneryy on the nature of the metal.
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§9. ADSOFPTION OF OXYGEN AND OXIDE LAYERS

As will be shown in Chapter 7, oxygen atoms on the surface of met-
als exert a particularly strong effect on thc electrochemical proper-
tles of metals. M. Faraday explalned the transformation of metals to
the passive state (in which the ability of metals to send their own
ions into solution 1s reduced or disappears completely) by the appear-
ince of oxygen on thelr surface. The investigations of Academician V.A.
istyakovskiy [U40] dealing with oxide layers were of great importance
for substantliating this oxygen theory of passivation.

As in the case of hydrogen adsorption, the method of charging
curves can be successfully employed for the study of the properties of
idsorbed oxygen and oxide layers.

It is evident from Figs. 29 and 30 that during anodic polarization
of a platinum electrode after passing the section of the charging curve
i which the electrode capacitance 1s lowered to values corresponding
o the capacitance of the double layer, the slope of the charging curve
izaln decreases, i.e., the capacitance of the electrode increases. This
ipacitance increase 1is connected with the deposition of oxygen atoms¥
on the surface, which arise through discharge of water molecules or hy-

iroxyl ions according to the reactions

H;0 — Oy pe + 2H" + 2¢,
20H" —> Ojno + H,0 + 2¢.

In the case of the platinum electrode in solutions of HZSOH and
1C1 the oxygen and hydrogen sections of the charging curve are rigidily
separated by the "double layer" region. In alkaline solutlons, however,
the removal of hydrogen 1s much more difficult so that at the poten-
.lals at which the deposition of oxygen begins, not all the hydrogen

1s been removed from the surface (Fig. 30); the hydrogen and oxygen

reglons of the potentlials thus fuse continuously into each other.
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If in the oaxyren part of the chars-! Uy Het Mo rent dlrectidee '
is reversed, the conplete gathedle clarying curve ~an be rocordea; the |
electrode then passes through the uxyger, d utle lay-r and hydrogen ro- ’ 1
glons 1m the reverse sequence compored with the annals eharging curve. J

{
In this case, however, the direct and reverce charegling curves do rot |
coincide but form a hycteresis leop. |
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Flwg. 31. Cathediy charzing curves of platinized piatinum lIn 1 N H,Fﬂu:
2
1) Crihodic polarization after oxidatlion in moist oxygen at 18° for 24
fioups: 2) catheddls omlarizavion after oxld: ©iun under the same condi-
’ N >}
tions ror 60 days. A} Volt (n.v.e.); BE) coulzmb/eme,
5
|

The quantity of ox/gen present on the Leoie surface at the
initlal point can uvbviously be determin .« [&m L tenpmth of the oxygen
rart on the cathotdin charging curve. 17 Lite alocirode 8 Lrought 1in
ontact with oxyE! pirdlar to the recowding of the charging curve, then
it assumes the potantial ¢o 'responding to the oxygen part of the charg- ‘

ing curve immediatriy when '* is immersed into thr solutlon. By Ilmpart-
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ing negative charges to the electrode we can remove the oxygen adsorbed
on the surface 1n this case and determine 1t quantitatively (Fig. 31
[58]).+%

The anodic charging curve of a platinum electrode in the oxygen
range has the same stralight shape as in the hydrogen reglon. In other
respects, however, an important difference 1s seen between the behavior
of adsorbed hydrogen and oxygen. Whilst the processes of decomposition
and removal of hydrogen atoms, as shown above, are reversible (at least
if they are not carried out too quickly), the analogous processes in
the case of the deposition and removal of oxygen are clearly not re-
versible, and the states through which the eiectrode passes in the oxy-
gen part of the charvglng curve cannot be considered as equilibrium
states. This irreversibility 1s expressed, in particular, in a differ-
ent, shape of the anodic and cationic charging curves in the oxygen re-
Zgion. On the cathod: curve, as is evident from Fig. 31, there 1is a
characteristic delay 1in the oxygen region corresponding to the removal
of a large part of the adsorbed oxygen while in the anodic curves th
deposition of oxygen merely causes a decrease in the slope of the
charging curve without the appearance of such a delay (HRSOM and K

curves, Fig. 30).

(T .
3
'y
_—y
. T + B
0 0 10 ¢ Bosom(HB )

Fig. 32. Adsorption of sulfuric
acid by platinized platinum as a
function of potential. A) ekv.;
B) volt (n.v.e.).
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The bond between the motal arna Ll e A @ LOlBY ratupes o
the appearance of the layer of adsorbeu ovwig M cRUuSEs ATeat

changes in the distribution of the elc¢ {:ir ~harwes o the eloctrods

surface. This can be veriflied by investigsiing the adsurrtion of fenz
on platinized platinum as a function of (lw eloctrone potenttal.

Let us consider the casze of adsorptimn frem @ aiiute solution =f
1)30H (Fig. 32). At potenrtials closc te tne potential of the reversible
hydrogen electrode, the platinum surflace i+ négotivei, charged. The ion

ad 3
lcnha formed throug!

govering of the deulle layer f£hus consists of H
lonization of adsorbed hydrogen and dozsz - untaln 57 ° anions,
hernce the acid concentration 1z not alferan during the lorpmation ¢l the
aquudle layer., Wheh the potential 15 snlizid Lo Lic puElifive sldes Lfie
icctrode passes through the zero point, its Liria edlid s B Lost-
~ive charge and begins to attract antons. In tnis ciion al' the charg-
w' curve the formation of the double layer 1% Lilu oecompanied by ad-
torption of the acld from the solution. If the potential ls rai. @ fur-
troryr, CThe acid adsorption should continucusly ingereasg in prorrvtion
s the Increase in the surface charge. Adtual [, (loweves, as can te
cun from Fig. 32, 1% awtalns g maximum &iter which 14 decreaseés rack-
“ v, nearly coming close tu zZero. In neuvtral solutions adsorption of
1 poes over in this section of the charginge curve Into adsorption of
Wopli, in other words, the catlons of the Lolutton are consumed in the
voomaticon of the 1on covering of the double layer. Thus, in spite of
++o¢ lnerease in the nositive potential di ¢ ~ence pbetween electrcde and
lution, the positive surface charge of Ul leatrore decreases or can
“ven change its slgn Lo negative.
Thls charge reversal =1 the electrode (s Citeorvea preclsely lIn
tne potential reclon 1In which the layvr =f aducrbed crygen atoms ap-
pears on the electrode surface., If it is considered that the bond be-

- 74 -




tween metal and oxygen 1is of a dipole nature, and if it is assumed that
the adsorbed oxygen atom 1s the negative end of a dipole, the charge
reversal of the platinum electrode can be explained in the same manner
as the charge reversal of the mercury surface during the specific ad-
sorption of anions (see §7).

Indeed the adsorbed layer of oxygen atoms with the dipole nature
of the platinum-oxygen bond creates a positive potential difference be-
tween the metal and the solution. Owing to the considerable degree of
filling of the surface with oxygen this potential difference is falirly
great and can exceed the total electrode-solution potential difference,
measured relative to the initial zero charge potential. Under these
conditions, part of the potential difference caused by the ionic double
layer should have a sign opposlte to the sign of the total potentilal

difference (Fig. 33).

| .
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.Fig. 33. Fig. 34. Deflection 2

Schematic of a platinum sire in
R 2.107° N solution of
the STruc— H2SOU under the influ-
ture of the ence of an external
double 1lay- electric field. The sigr
er in pres- of the deviation corre-
ence of ad- sponds to the sign of
sorbed oxy- the charge on the wire.
gen. A) Volt (n.v.e.).



An increase In the quantlity of adsorved oxyren ts accompanled by
an increase in the potential difference in the adsorbea laver only up et
te a certaln limit as is evident from Fig. 3J. Whan tie potential ics
shifted to values above 1 -, the adsorption ¢f scid, and, conseguently,
ni10o0 the poslitive surface charge agaln (v z!n ta increase, 1.e., the
disturbance of the normsl trend of the charge at o function of poten-

t1el, caused by the appecarance of the oxygen layer, vanishes,

The apove-described trend of tne variatlion of toe cl.arge on the

platinum with variation < itg potentlil van 1. be detected by obser-
vations of electrokinetic pnenomena. A platinug suwl ¢hralned by atonm!lz-
ihg the metal in the electric arc in a hydpog=r tmospnere, is tharged
negatively which 1s easily verified by obzepving tiie dozion of the par-
ticles under the influence of an external ; trip £leld. As N.A. Bakh
2;.a N.A. Balashova [41] have shown, when cuch o ccl te carefully oxi-

dized witl: oxygen, which shifts the potentia f the platinum to the
positive side, the sign of the charge becomes positive and the direc-
tion of motion 1= reversed. With furt i« r oxldatio: the mobility »f the
pesitive sol attalns a maximum, begins to decr¢ase and sasses again
trrough zero. When the oxicatlon is complet2 we otcvain 3 charge-re-
versed negatl—e platinum sol, whlch can also be prepared directly, by
carryling out tine atomization of the metal i5n presence of oxygen.

The dependenceé of the electrokinsti: potentliil of platinum on the
meral/solutlon potentlial difference can al ne obsupwved by following
the deflection of a platinum wire lmmerscd o the 2lectroiyte under the
influence of an external electric fiela, whieh 15 oroyortional to the

poc-rntial. As Fig. 34 shows, when the potenticl difference between the

platinum and the solution increases, the surface charege of the metal I‘t

changes from negative to pos'!tlve values; however, with further in-

crease in tne potentlal, the surface charge, as a result of the appear-
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ance of the oxygen layer, agaln becomes negative.

By examining the charging curves one can verify that the adsorbed
oxygen undergoes slow changes in time which result in a strengthening
of the bond between the oxygen and the metal. Filgure 31 glves two ca-
thodiec charging curves (1 and 2) taken after the deposition of oxygen
on piatinum. In the case of curve 1 the oxidation of the platinum with
vxygen was carrled out for 24 hours, in the case of curve 2, for 60
days. As Fig. 31 shows, in spite of a certain increase in the total
quantity of oxygen on the platinum surface in the second case, the ini-
tial part of curve 2 is lower than 1; in other words, after this treat-
ment a more negative potential must be given the electrode for the re-
moval of the oxygen adsorbed on its surface which indicates a strength-
ening of the bond between oxygen and metal.

Measurements of the contact potential differences in vacuo permit
Important conclusions to be drawn with regard to the nature of the bond
petween the oxygen and the metal. Because the problem of the properties

f the metal/vacuum interface exceeds the framework of the present
course, we shall merely indicate the maln results which can be obtaine
with this method 1In the study of the adsorption of oxygen on metels
from the gas phase. The contact potential difference between the un
dlzed and oxidized metal is equal to the variation of the potentlal
iifference at the metal/vacuum interface, caused by the appearance Hf
layer of adsorbed oxygen. The measurement of the contact potential a.
tterence shows that when oxygen is deposited on the surface of tungst:
and platinum, the oxygen atoms form tne negative ends of dlpoles whic:!
extend from the metal to the vacuum, in accordance with the conclusion
at which we arrived during the examination of the influence of the ad-
sorbed oxygen on the surface charge of the platinum ln electrolyte s

lutions. Such a layer inhibits the escape of electrons from the metal,



l.e., it increaces the work functi-c or : Lo (U2,

An analogous result iLs chtalndy fn the aAdsoeptidn of oxygen on the

f = AN

surface of iron at low tenperature However, 1f oxypgen 1c de-

poslted on lron not at low temgerature, but, ror examle, at 1909¢, the
varliation of the potentlial dit'ferenc Lhne surfmce layer of tha metal
has the oppcsite sign and the work rfunci i ff £hs cleectron g notl in-
creased [U43]. The moct prebat le assumption which ean account for this
phenofienon consists iIn assuming that £: Llgher wenmpearziure the exysen

atoms penetrate more deeply into the metal lawtice, 1.¢., that Lhey
sort of creep under tle axternal lover a4 iroir atorms, and the direction

.

of the dipole potential differente 1® reverses, P.I1. Lukirskly =nd 5.
Ryvzhahov (H#4] were the first to indicatle th rostibillty of such a

"creeplng" of impurity atoms for the casc of the aisorption of hydrogen
on the surface of potassium and also ©.7. reinskly [U5] and P.D. Dan-

<ov [U6] for the case of oxygen adsorption.

with further increase in the temperature, at which adsorption of

xygen on diron takes place, the quantivy o adesrled uxygen dncreases
ard the work Munction agaln Increccec. L 7 0 o ~ooumed that the oxy-
an ghoms Which dre lwmule adsarbed pHoclipy vyiernial placed yacyled

consequence of tne tenetration of i aycen inte the lattice.

Whilst in the case of hydrogen criemical adsorption obviously al-
ways involves a decomposlition of the I, rmolecule into atoms, in the
cose of oxygen (as shown, in particular, by the investipations of ad-
sorption phenomena oun the carbon clect one of the valency bonds
between the atoms forming the O2 moleculs, may be retiained during the
first adsorption stage. Groups of a . roxlde nature thus form at the
surface. These reroxide groups, however, wre nct long=-lived and decom-
pose easlly withh formation of adsorbed atoms [LT7],

The alterations to which the adsorbed oxygen layers are subject
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arc not limited to the decomposition of the adsorbed O, molecules 1nto

2
atoms and the creeping of these atoms under the external layer of metal
atoms. By means of the method of charging curves it 1s pessible to ob-
serve that during the increase in the quantlity of adsorbed oxygen or
after some time an alteration of a different kind takes place connected
with an interaction between adjacent Me-0 groups. Durlng this altera-
tion the adsorbed layer assumes properties simllar to those of a new
phase. Iu order to understand the phenomena which are observed in thes
situations, let us first examine the relationship between the potential
and the quuntity of electricity passed through in presence of a phase
layer of a compound on the metal surface. If an oxide or hydroxide is
present on the metal immersed 1n the electrolyte, which forms a phase,
for example, HgO, then with a certain composition of the solution and
under equilibrium conditions the electrode potential should have a con-
stant value. This potential is independent of the quantity of oxidizeA
compound because 1t 1s determined by the free energy of the reaction of
formation of the solid phase from another phase, the metal, in a soiu-
tion of constant composition, for example, 1n our case the free ene:
of the reactlion

Hg + 204" — HgO + H,0 + 2e.

Hence the appearance or disappearance of a new compound, formi:
phase, should be accompanied by the appearance of a horizontal sect!
on the charging curve whose length 1s determined by the quantity of
acting substance.

The above discussion strictly applies only in the case when Ll
formation or reduction of the oxide takes place under equilibrium c«
ditions. This condition is frequently not fulfilled which causes cer
tain modifications of the charging curve which we shall discuss in

Chapter 7. Here we shall merely indicate that In presence of an oxla
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Fig. 35. Cathodic charging curves of a smooth platinum electrode in 1
}{2SOu: 1) Cathodic polarization after anodic oxidation with a current
density of 10_3 a/cm2; 2) cathodic polarization after anodic oxidation
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@ - L

A nm-'[ .
[T F] .
12 4

-
o8 -
or .

0,4 -
0,2 -

! T ™
as 40 18 20 23 Qwprfout B

Fig. 36. Anodic (1) and cathodic (2) charging curves of an electroc:

coger'ed with rhodium black, in 1 N HCl. A) Volt (n.v.e.); B) coulo
cme,

1N
¥



Ly of oxygen whic! noe Bl Clelar t U ST EM 12 iy

We have éexanined 1in rnerlym e HHR: Yyemen lay -
ers anc Tthicker layrrs whlch reprssr i an ST 11 [y fame 14 Lhe
formasion of a new phase. In uvhe i:vel {ga’ i TS R
wropertles of metals one oft 2% i dga , LVRLY thiek Jayers
which have full phate praperii#=s. Suct Y wr e mEFLad mne-
face partly or wholiy, ammg o the gouen” 1 omayd Soaurface we o muot
cofpslder in this case 'nasead of the woeqnl/elerf i rLlvis S face WS
interfacen: tihe me ide {or hvdpaxlde) laysy; wmd $he pxide layer/
electrolyte intertinne suchh Taveprs san al Yoo by osparingly sol -
dhle: salts, for exampl=. leéadn aulis Lo« eu BT GUSTrioEs

In order thar a phaust la,eor car = ST i ST ialuting inter-
fac® it 1is obviously fA&gchaary that The | WL T Soe Bl €a5e-
trode is sufficiently positive uhus @xpiwdiiu. i  nEsdbility of a re-
wotlion of the layer of thit sSubstance. Thur | ! Tl y Lhie reverci-

bl cortential of the Jead electrode

ol PLEC,, 15 —0.35 v

lead n this salutiow a4n exis i

e aore gasltive “ran . 3% 9 &

should be reguco i with

EERE N
.~ H

] whey vhe riorgtive olate of

rase
Harged. The trversinle

with Nt (L1 .,

t

arvrated

the came solution. At more negatlve

versible hydrogen rutential, & pha-

tet on a nickel surface. As 2 o '

suc!i phase layers can ~zist 1.5 not

Sone a delay faeros place during the

twhich

cCaAuUS eI s

- 8

monce Yip wh )
4

formativn o m

botential of a nicke]

is +).17 ¥ apninst

enlArgese of thils int

o » . 3 o .~
1 C N Sl dulutian, saturated

[a]

surface of the

e = L RAL LT Iy at putentials whieh

ténslals. the a0

L

b 110 lead as 1is actually

a least btotiery ': nepatively

eleetfrnde In 1 N NaOH,
g

N, drairon electrode in

potcnirlg ) The Cxagiele, at the re-

H), can no longer ex-
Yriterval within which

3
PRk 1T :()'L‘ut, .

treuratoely detired; ot kinetice rea-

romoval of previcusly formed layer:s

~#oo1l 13 durlng the

e}
H

e - —— ——

T



formation and growth of a layer of new phase.

Very important i1s the clircumstance that at potentlals which metals
acquire In contact with atmocpheric oxygen, the oxldes or hydroxides of
the metals (including those of platinum) are already thermodynamically
stable at normal temperatures. Hence the adsorbed oxygen layers which
we have dlscucsed are in a certain sense intermediate formations on the
way to the appearance of new chemical compounds which is reflected in
a number of their abtove-described properties. In this respect there ex-
ists an important difference between the adsorbed oxygen and hydrogen
layers because the formation of the latter, at least in the case of
metals such as platinum, leads to the establishment of an equilibrium
between the metal and the hydrogen.*®

The adsorbed layers of oxygen obtalned by interaction of metals
wlth gaseous oxygen at different temperatures and pressures are 1n many
cases also only an Intermediate stage in the formation of an oxide.
However, the growth of an oxide film, if it forms a compact layer,
which adheres tightly to the metal surface, is oflen strongly retarded
until 1t attains a certain, sometimes extremely small, thickness.

We shall not dwell here 1in greater detail on the laws of the
growth of phase films arising during the interaction of metals witl
gases or electrolyte solutlons and shall return to thls problem 1n
Chapter 7; let us merely indicate the great theoretical and applied in-
portance of this problem, to which numerous scientific studies have
been devoted.

The existence of phase layers or layers which are intermediate !
properties between adsorbed layers and phase formations has a great in
fluence on the electrochemical behavior of metals. In the case of ad-
sorbed layers we are dealing with variatlons of the electrochemical
properties of the metal/solution Interface; thicker layers can simply
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shield the metal surface by inhlbiiing } T fdlectrol fie whieh
in this case tales 1. I el it i n tha Llaver.
A number of methods 18 at pregent pval ablies Tor Investigating the
structure and progerties of diffferent $vper of laver: 1 netal surfac-
&

es5, Considerable suecesses L ¢V is gipociicn oo Vea's @ teined ay So-

S

viet restarchers. A heplnning {n thin fdliprectlisa wan ridde in our country
by the classical works of Aerdemieldan V.A, Kiectyupovakiy {56). Here we
can only briefly enumeraie the s+ lmarortant udrveotions of resecran in

this t'leld .

T™ie presenct of lavers whtce: ag'y re hiy fu & ne@tal surface, 1if
they are sufficiently thlnm, Ztws n alter the «utorial appearance of
the metal and remains unnotlooed when Lthe pot ur e s examined wlth
the unalded eye. Thus, for prample, the 4! Ve T metals such
a3 lron is always covered witn an oxide {fin unaoy ¢ usual condl-

.

“lons. The followling simnle experiment demonstrat. s rlearly the forpa-
tinon of the oxide ilm upon contact or 1lron o vteel wlth air. As we
kiow, a normal iron. surface iz not wetted by rmertury. However, 1f iron,
immersed in mercury, ls ruptured so TiLat ! %es nov come into contact
£ "1 the alr, Gng Ipraxt raghnne &5 dmnmonigleny wefsrd,

In some zases, o« Fvans (U421 has shown, an oxide film can be sep-
arated and made visib.e 1f the nderlyling metal 15 dissolved by means
of reagents w:lch o ot affect the oxide 1'ilm. However, more sensitive
ontical methods enabile an oxide film to ve detected and its thickness
measured without removing 1t from the met - onrtaes whicn is of partic-
ularly great importance 1in the case of ver, thin iims. One of these
methods is the measurement of tr w1l tical polarizattiorn of reflected
light. This methoa has been appifed uo the study of fiims formed during
the oxidation ot metals by zaseous by the Norweglan scientist Tron-

scadt et al. [46]. T.N. hrylova [49] measured the rate of oxidation of
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several netals at dlffeprent temperatures by means of this method. The |
method of detcrmining the thickness of thin layers by means of ellipti- f
cal polarization hno recently been brought to a high degree of perfec- '
tion by B.V. Deryagin [50] and can find wide application aiso in the I
study of layers at the interface between metals and electrolytes at
thicknesses which do not preatly exceed the molecular dimensions (from
a few A to several] hundred A).

Tnicker layers, wnoce thickness 1s comparable with the wavelength

of light, from several hundred to s=veral thousand A, are made visible

onn the metal surrface by the interference phenomena produced by them

(temper colors). If the index of refraction of the substance of the
fiim Is known it. thl ' ness can ve determined orn the basis of the tem-
per color.

If the substance of the film is an insulator or poor conductor,
‘ts presence presul! in a strong decrease in the electrode capacitance.
"'he electrons In the metal and the lons In the solution can freely arv-
1 roach only to the metal/solution interface with the insulating layer,
1d when we measure the capacitance, for example, by means of an alt-r-
35ting current, we nc longer measure the capaclitance of the double
r, but the capacitance of the capacitor in which the distance betv:
he plates 15 defined Ly the thlckness of the Insulating layer. At
hickness of the laye: of 20 A and a dlelectric constant of 5, th
tectrode capacitance is only ? uF/cm2 instead of the 18-20 uF/cm2,
erved in the case of o normal double layer. Oxide fiims which do not
vet form a new phase and even adsorbed monatomic oxygen layers alrea:
ause a marked decrease In the capacitance.
According to Eq. (Z) the capacitance measurement can be used for
‘he determination of the thickness of an oxide fllm. It 1s essential,

fhough, to keep In mind that the presence of pores leadlng to the elec-
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trode surface in tad £lim, muti cause 2 ‘apaid JLble Imecpease in Lhe
capacltance according to Fa. (I) even if the crass-spcLicon area of N’
these pores 1s orly & SsEll pgart REH T i wrrace, The method
of capacitance measuremeat . pEer uspd o £l sLug I oxide layers
in several works [%1,.
The presence af oxifde flins o 5 mhtal surt'ace exerts an impértant
|
Inlluence on the electrital r.sistatice during tavt botween two metal
surfaces in var:ue o 15 any gpuBous HTNOBDIe R o wegiiuLemanll of this
resistance and also »! & Mpreakdown solt o £ cfde fiims on net-
al turfaces is carried cuv 'y e S D S 0 ccauurly the lp-
tensity of a direct current il wing wio ! Sit ¥y LacrEaping voltage
i5 applied between the electrods and { . i P lied La the
Ary electrode surface [#7]. Cuch measurowerts moikes 1t possible to fol=-
row the process of fermation of the Hmide fila: . |
“he 1lnvestigation of oxidé layers by means of vhe above-described ‘
ptical and electriva, methods gives a certain a-éerage value for tne
varameters. Such average values cannot cempl) o oin characterlze the
films because in realitry th2 films are not complevely homogeneous. This
can be verified, .- rvarticalar, by examining an 1sclated fllm under the ;
clectron microscope: the wicrophotorraphs ovtalned by this method show
¢clearliy numersus poerer n the r'ilm whase alameter can be very small,
for exduple, in flims on aluminum they are of the order of 50-100 A. ¥
The presence of pores In ilms Tacllitate; hemleal andg eicctrohemlcsl
reactions with partliclipation of the haze el whilch maves 1t posslble
to detect individuai pores by kne la2aliZation ~0 the products result-
ing from such redttions. Méthiords of Udy ing e stelcture of fllms on
lron and alumii,:m based orn * .18 principle have beer. worked out by G.V, -

Akimcv and co-worrcers [5¢]

apprarance of oxlde films orn a metal i an electrolyte solu-
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tion can reguit it olrercase in the sencitivity of the electrode to

the action of light compered with an electrode whose surface is free of
nooxide f1lin, tecanse the absorption of light energy tekes place over
the entire thieknezs of the oxide film. Owing to the semlconductor
proverties of many oxldes the absorbed energy may be transferred to the
rarticles at the oxide film/solution interface at which the electro-
nemical reactior wkes place. The determination of photoelectrochemi-

cal processes, for c¢rample, the variation of the electrode potential or

arfation of the current density, flowing through the electrode at a

certaln potentlial, during the uctlion of light, in combination with oth-
» electrochemical o asurenents, as V.1, Veselovskly [53] showed, can

used as a censitive method of studying oxide films. With this method

£ is possible, f example, to detect the formation of an electrochen-

cally active oxlilde on the Pt electrode at a potential of 1.5 v.
The method of liectron diffractlion has assumed great importance

“Hr the study of the structure of oxide and other layers on metal sur-
1ces. In contrast to x-rays, the electron beam penetrates the sub-
rance to a relatively slight depth. Because of thls the method of
‘lecuron scattering is particularly suitable for the investigation ¢

e structure of thin layers and surface fllms. Experlence has show
nat electron diffraction 1rn oxlde and other lavers 1n some cases ca
‘5 the appearance of sharply outllined rings on a photographic plats
placed in the path ol Liie ¢lectron beam, l.e., the electron scatte:
takes place under completely determined angles. This indlcates a cry:
talline structure of the thin layers, whote nature can be determined
thhe basls of the elcctron diffraction patterns. In the case of layers
+hich are on the surface of a metal, the 1lines of the metal itself nat-
irally also appear on the electron diffraction pattern together with
the oxide lines.
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The electron diffrzotian methe ! nm! & Lt Creorre o
tal structuregg in vedy L. tayers (1 P AR - o thicinass @f

only 20A) consisting merely of a few unit eveolls. 1t 1s feund in this

a

case, as the works of F.D. Darkov [Sh], in g iculur, showed, that be-
tween the latticew ol tL irface £17] /I A bresdigr] 1 dlvEeT gL o
fermed, ® certain correcpeiicence f4 & wverd 50 th4al Bhe gxicia
cattice may be regard:d d gantinueitiah of e metd Ateice. k& oOx-
ide lattlce can be cbtainm thuze R J rzansdon o=ff Ll
metal lattice whiaon makes 1t pnss Lo Inchotlline iampugity pfom§ inb:
it, for exampie, axym: Hich o "o ri) crtenl eorrespondence” (a
term, proposed by . P A 1 NEUT IS R Lin off 4iye T1 1 G0
the base metal. The arlentat.i .- orf . 54 ML the conseguerice
that in some case: {for =xanple, Jnu o i th 2 layeErs have a

cerystal structure which cifffers frorm the ctrie-ia » of the same oxide in

o

o
4

its normal voluminous form. The applicetion of Lrne clegiron diffractlon
metnod has shown that the »nxide layer: normally huve a crystalilrne
itructure but in some cases, for examnle, low-temprorature oxidation of
vluminum, only diffuse rings cuan be suseérved . ae electron diffrac-
tlon patrerns, indicaling that thy axide iayer has A udisordgred strue-

ape . ®
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[Footnotes]

In the following instead of saying "the metal gives off
electrons" we shall also say "the metal acquires a positive
charge."

Here as in the following, when we speak of a potentlal dif-
ference between two phases, 1f not specially stipulated oth-
erwise, we shall mean the potential difference measured by
means of some auxiliary, for example, calomel or hydrogen
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electrode. The quantitative determination of the absolute
potential difference between metal and solution, which is of
considerable theoretical interest, cannot be finally achieved
at the present time, primarily because of our 1nsufficient
knowledge concerning the potential distribution in the sur-
face layer of the metal 1itself. See also §6.

See, for example, A.I. 3Brodskiy, Fizicheskaya khimiya [Phys-
ical Chemistry], GNTI [Gosudarstvennoye nauchno-tekhniches-
koye 1izdatel'stvo = State Scientific Technical Publishing
House] of chemical literature, 1948.

In dilute solutions the activity in Eq. (1) can be replaced
by the concentration. In this case Eq. (1) 1s normally termed
the Nernst formula. An analogous relation has been indepen-
dently derived by V. Tyurin for amalgam circuits.

Concerning the origin of the double layer see also [1, 2].

This quantity will be more accurately defined in the follow-
ing section.

The capacitance of the double layer varies when the water is
replaced by other solvents but its variation 1s considerably
less than the variation of the dielectric constant.

It is assumed here that an lon can be regarded as a charged
sphere and that its charge 1s considered as ejuivalent to a
point charge placed at the center of this sphere.

On condition of electrical neutrality the surface charge of
the metal 1s equal in absolute magnitude to the charge of
the 1on part of the double layer and opposite in sign.

The latter follows directly from the relationship between the
charge density e on the surface of a metallic conductor and

the potential gradient v close to the surface of the metal,
known from electrostatics:

sim ‘19-' (g).-o‘

Because within the dense part of the double layer the rela-
tion between y and x 1s linear, we have

(ﬁ)--o "*"-1_"‘ '

and, consequently

= i%("‘h)-c('o"*l)'

See, for example, A.I. Brodskly. Fizicheskaya khimiya, GNTI
of chemical literature, Vol. 1, 1948, page U55,.

See, for example, I.Ye. Tamm, Osnovy teorii elektrichestva
[Fundamentals of the Theory of Electricity], 1949, page 56.
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When applying the Polsson equation we assume that ¢ depends
only on z, 1.e., that by neglecting the discontinuous ar-
rangement of the charges in the double layer, we can average
the value of the potentilal 1n a plane parallel to the elec-
trode surface. Up to now 1t has not yet been possible to
build a quantitative theory of the double layer taking the
discrete structure of i1ts lon envelope into account [6].

In the following we shall use the term "interface" tension
for the case of a boundary between two phases, reserving the
term "surface tension" for the free surface of liquids.

If charges are not supplied from without to the mercury elec-
trode whose surface increases continuously 1in consequence of
the disintegration of the stream into droplets, the charge
density ¢ evidently becomes zero.

The contact potential difference VAB between the metals A and

B 1s equal to the difference of the work functions AA and AB
of the electrons in these metals:

Vap=ta—1p.

A metal which has a smaller electron work function 1s charged
positively upon contact with a metal having a larger value of
A. Every alteratlion © the state of the surface which affects
A, for example, the fcrmation of an adsorbed layer, causes a
corresponding alteration of the contact potentilal.

It can also be shown that the values of the individual poten-
tial differences at the interface of two phases cannot be
fognd from the experimental data by a thermodynamic method
[28].

At concentrations close to saturation the thickness of the
adsorbed layer can exceed that of a single molecule.

This result compels us to assume that even 1n the absence of
impurity molecules an orientzted layer of water molecules can
also cause the appearance of a potentlial difference between
metal and solution, which does not vanish at the zero charge
potential. :

The maximum adsorption, however, does not completely colncide
with the zero charge point [34]. In the case of substances
which like butyl alcohol shift the zero charge point in the
direction of more positive potentials, the adsorption maximum
is at weakly negative values of ¢H'

High-molecular organic cations, as, for example, the ion
N(CMH8)+ behave partly as lons and partly as molecules; al-

though they are also adsorbed preferentially on a negatively
charged surface; at very large values of negatlve charxe de-
sorption again takes place.

More detalled examination shows, however, that certain, al-
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though relatively not large quantities of adsorbed gases re-
main on the electrode surface even in the double layer re-
glon.

In solutions containing C1~ and Br ions, some dissolution of
the platinum also takes place at the same time.

During the anodic oxldation of smooth platinum by a current
with high density or by prolonged action of oxygen on 1t con-
slderable quantities of oxygen are buillt into the metal lat-
tice. The oxygen dissolved in the metal 1s partly reduced
durlng the recording of the cathodic charging curves, which
sometimes makes the accurate determination of the potential
as a functlon of the quantity of electricity passed through
more difficult. These phenomena are not observed when elec-
trodes of platinized platinum are used.

This remark obviously refers only to metals which do not form
stable hydrides under normal conditlons of temperature and
pressure, such as, for example, Cd.

However, the pores in films normally do not penetrate to the
surface of the pure metal but only to a thinner, already com-
pact film which ccocvers the metal.

On the oxidation of metals, see also the book by V.I. Ar-
kharov [55].

(Transliterated Symbols]

am = am = amal'gama = amalgam

H=n nulevoy = zero

I = G = generator = generator

H=N = nul' = null

H.,B.3. = n.v.e. = normal'nyy vodorodrnyy elektrod=standard
hydrogen electrode

3 = 2 = zarayazhenlye = chargling

K = K = kation = cation

3.8.C, = e.d.5. elektrodvizhushchaya sila =

electromotive force

anc = ads adsorbirovannyy = adsorbed

KB = ekv ekvivalentnyy = equivalent
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Chapter 1
DIFFUSION KINETICS
§1. CONCENTRATION CHANGES NEAR THE ELECTRODE DURING PASSAGE OF CURRENT

We shall begin the study of the kinetics of electrochemical reac-
tions with the question of how the supply of the reacting substances to
the electrode takes place. The processes of diffusion of dissolved sub-
stances are of fundamental importance 1n this; hence this section of
kinetics 1is often termed diffusion kinetics. Let us point out that the
mechanism of the removal of the reaction products from the electrode
surface 1s reminiscent in many respects of the mechanism by which the
reacting substance 1s supplied; the study of these two processes is
thus closely related. In many cases the processes which supply the re-
acting substances and remove the reaction products determine the over-
all rate of the electrochemical reactions. Under these conditions the
latter reactions proceed in accordance with the laws of general diffu-
sion kinetics of heterogeneous reactions in solutions, the fundamentals
of which have been described in 1896 [1] by A.N. Shchukarev.

Let us consider a galvanic circuit through which a current is
flowing. Initlally, before the switching on of the current, the concen-
tration of the dissolved substances (electrolytes and nonelectrolytes)
had the same value at all points of the solution; certain equilibrium
potential differences were observed at the electrode surface. After
switching on of the current compositlion changes occur at the electrode
surface: ions or dissolved molecules of one specles enter into reac- “»
tion, and ions or molecules of another species are formed as a result
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of the reactions. The concentration of the dissolved ions or molecules
near the electrode changes and the initial distribution 1s altered.
Diffusion processes then occur in the solution which tend to equalize
tiie concentration differences which have arisen and which ensure a sup-
ply of reacting substances to the surface or the removal of reaction
products from the electrode surface. The potentlals of the individual
electrodes assume new values (differing from the equilibrium values)
which depend on the intensity of the current passing through the gal-
véndc eclrbcui®.

In order to analyze the process of motion of the particles in the
solution it 1is useful to make first the simplified assumption that the
electrochemical properties of the electrode under consideration are not
altered under the influence of the flowing current, 1.e., that the
electrode potential 1s determined by the ion concentration near the
electrode in exactly the same manner as 1t would be under equilibrium
conditions. The only correction which 1is introduced according to this
assumption into the formula for the equilibrium potential 1is that the
initial concentration of the substance which determines the electrode
potential is replaced by a new modified concentration, namely the value
established near the electrode during the passage of the current.

The assumption made in the foregolng is a certain approximation
which 1is not always equally Justifiéd. Cases can be mentioned (for ex-
ample, the formation of the amalgams of many metals) in which it ap-
plies and it 1s consequently easier to analyze the phenomena connected
with the motion of the ions in the s»lution. In other cases additional
changes are superposed on these phenomena which complicates the discus-
sion of the over-all kinetics of the electrochemical processes.

The concept of the concentrations of the potential-determining
ions near the electrode surface which we have used requires a more ac-
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curate definition, Let us visualize a metallic clectrode, f'or exanplc,
a sllver electrode, immersed in a solution of 1its calt. At the elec-
trode surface, as has been explalined !ii the Introduction, there 1s a
double electrical layer in which the uniform distribution of charges
(ions), existing in the vclume of the sclution, is upset. The concen-
tration of the silver ions wlthin the double layer even under equilib-
rium conditions differs from the voiume concentration of these ions; if
the electrode surtace i1s positively charged, tnis concentration 1s lessc
than ipn the volume of the solution, and, 1f it is negatively charged,
greater.,

The problem arises wnat value of tre concentration should be sub-

stituted in the expression fcr th2 equilitrium potential

¢ e M inepge (u6)

Obviously, 1t would have becn incorrect tc Introduc: inteo this formula
the concentration present at a point within the double layer. iIn this
case It would have been necessary to take intoc account the electrostat--
ic field of the double layer and the variation of the chemical poten-
tial at each point of the double layer, causcad by the action of this
field. If we use Eq. (46) in its general form, the concentration of the
potential-determining silver ions at a distance from the electrode sur-
face at whic:. the action of the forces of the double electrical layer
can be neglected, would have to be substituted in it.

In the case of a polarized system, however, i.e., a system through
winich an electric current flows, the concentration of the ions in the
layer of the solutlon near the electrous, as we have pointed out above,
changes with distance from the electrcce, and the concentration of the
potential-determining lons close to the electrode must be substituted

r &
in the expression for the potential of the polarized electrode. A cer- ¢£
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taln contradiction results due to the fact that the term "close to the
electrode surface" has a different meaning in the two cases.

The disturbance of the charge distribution at the electrode sur-
face, caused by the electric field of the double layer, extends for on-
ly a short distance 1into the depth of the solution, equal to the thlck-
ness of the diffuse double layer. This distance, as has been explained
previously, depends on the total electrolyte concentration in the solu-
tion and for not very low concentrationa is of the order of 10-7-10—6
cm. In the solution zone adjacent to the double layer the ion concen-
tration is everywhere tne same under equilibrium conditlons; under non-
equilibrium conditions; however, it varies in accordance with a certain
law. Under the usual mixing conditlons this concentration variation ex-
tends to a distance of not less than 1073-107° cm; the layer in which
this concentration change, caused by the electrochemical reaction at
the electrode surface, 1s termed, for reasons which will be clear from
the following, diffusion boundary layer (not to be confused with the
diffuse double layer). Compared with the thickness of the diffusion
layer the thickness of the double layer is small. In other words,
points can be selected which would simultaneously satisfy the following
two conditions: firstly, that they lie outside the double layer, 1.e.,
that the effect of the electric field of the double layer should not te
observed in them and, secondly, that they should nonetheless be so
close to the electrode surface that from the point of view of the con-
centration variation in the diffusion layer one could speak of an ion
concentration at the actual electrode surface (point 4 in Fig. 37).

The combinatlion of these requirements, however, cannot always be
fulfilled. In the extreme case of a very low total concentration of the
solution at the electrode surface the thickness of the diffuse part of
the double layer increases and approximates the thickness of the dif-
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Fig. 37. Distribution of the electrolyte concentration cs, the concen-
trations of the anions (CA) ana cations "F) in the diffuse part of the

double layer and in the difruse layer of the negatively charged elec-
trode ; T, 15 the boundary cf the diffuse part of the dcuble laver; x.

is the boundary of tie di1ffusion layer; ro ls the initlal electrolyte

concentration at a distance rom the electrcde. A) Metal; B) solutien.

fusion layer; under these condltlons, the elementary relations whict
willl be presented further on are not applicable. Although such phencm-
ena can sometimes occur, they are nevertheles: not of any great practi-
cal importance for the usual electrolysls conditions, and the assump-
tion made in the foregoing 1s completely Jjustified in most cases. Thus,
I1f the ccncept of concentrations near the electrode surface 1is used in
the following, this concept must be understood in a macroscoplc and not
a microscoplc sense of Che term. To avoid ambigulties we shall speak of
concentrations '"'near thc e¢lectrode surface'" or "in the space around the
electrode,"”" :eserving the term "surface concentration" for designating
the crncentration of tne purticles at molecular dlstances from the
phase boundary.

As A.G. Samartsev [2] showed, the varlation of the ion concentra-
tion near the electrode surface during 112 pacvsage of the current can
be directly observed optlically by the wvariation of the index of refrac-
tion of the solution. The use of a sensitive interferometer in combina--

tion with a polarization microscore enables the concentration gradient
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in different parts of the diffusion layer and also the total concentra-
tion difference between points in the volume of the solution and near
the electrode surface to be determined.

Let us now examine the conditions of variation of the concentra-
tion during the passage of an electric current in the simplest case.
Assuming we have a metallic electrode, for example, silver, in a capil-
lary and occupying its entire cross section. The capillary 1s filled
with a dilute silver nitrate solution and at the second, open end, it
1s connected with a large vessel, containing the same solution (Fig.

38). Because the volume of the solution in the large vessel 1s large

29999999~ |

Fig. 38.

compared with the volume of the solution in the glass caplllary, the
electrolyte concentration in this vessel during the passage of current
varles only slightly and can be neglected. In other words, it can be
assumed that the ion concentration at the open end does not change and
remalns always equal to the initial ion concentration in the solution.
Let us first conslder the case, which, as will be evident from the
following, is the simplest. Namely this: we assume that in addition to
the lons which determine the electrode potential and which can be dis-
charged at the metal surface (i.e., in our example, in addition to the
lons of the silver salt) a foreign electrolyte which does not particl-
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pate in the eleetrolysls process, fer example, an excess of potassium

i

nltrate, 1is present in excess.

Let us consider the conditions of tne supply of silver ions to the
electrqde surface Jduring electrolysis. At <le first moment after the
switching on of the current. the silver lons begin to be discharged and
their concentration near the electroa. curface will decrease. A certaln
concentration graldient wilt appear in tie solution in the capilliary re-
sulting in a diffusion of the Jdischarged iton: from the more remote
parts vo the electrode surface. The difrusion rate of the ions will be
proportional to the concentration gradient.

In addition to the diffurion, 2 rmovemernt of charged ions under the
Influenee of the elestrostatic flald & - aelunion takes rplace. This
movement 1s often termed Ion migration ir the ¢lectrochenlical litera-
ture. The electrostatic field in the solutlon caices a migration of all
the ions, those discharged at the electrode surface as well as those

i ; + -
which are not discharged, 1.e¢., 1n the above case tile Ag 1ions as well

3

tration c. the =siliver ions s low comparea withi tae concentration of

as the K+ and NO, lons. According tc the above assumption, the concen-
tihe other fons; nence oniy a zZmall rart of (-2 current In the solution
is due to the migratiovn of silver ions. This assumption thus permits us
to neglect t e migration ot “he gilver ions in the general process of
the itransport of these ions to the electrode surface.
Thirdly, an enormously Important factor or which the transport of
substance to the electrode depends, is the movement of the liguid 1t-
self, which arlses spontaneously or duc tiprx»irs of the soiutien. In :
order to exclude this influence, tlie anction of tne ions in a capillary

{s conslidered in the selectel example, t.e., under conditlions which ex-

clude any conve:!ion movemert and mixing of the lliquid (Fig. 38). ;:
The effect of the 1lon mirration and the convection of the 1liguid
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on the process of transport of the reactants to the electrode surface
willl be examined in the followlng sections.

In preportion to the passage of current the solution at the elec-
trode surface 1s prceressively impoverished in silver ions which in
turn causes an 1increase iIn the concentration gradient and at the same
time an intensification of the transport of these ions via diffusion.
After a certaln time conditions are established under which the number
of lons disappearing because of the discharge reaction becomes equal to
the number brought to the electrode surface by diffusion. A certain
stationary state, i.e., one which does rot change with time, 1s estab-
lished; this state is of course not an equilibrium state because it 1is
malntained by the passage of current through the solution and 1s imme-

diately upset when the current ceases.

§2. DIFFUSION EQUATIONS

In order to determine the regul rities connected with the passage
of current through a solution under stationary conditions one has to
solve the simplest problem of diffusion kinetics.

According to the laws of diffusion, the quantity m of substance
diffusing within the time At through a certain cross section perpendic-
ular to the axis x which 1s in the direction of increasing concentra-
tions, 1is proportional to the concentration gradlent %¢/dx, the magni-

tude of the cross section S and also the time interval At:

o
m= DS Al (47)
The proportionality factor D, the diffusion coefficlent, has the
dimension of the square of the length, divided by time; it is normally
expressed in units of cm2/sec or cme/day. Diffusion in the direction of

decreasing concentrations we shall consider as the positive diffusion
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direction.

If the concentration of the dilfusing subrtance at every polry of
the solution is not constan®t nut varies witli time, we can find the coi
nection between 1lts rate of change and vhe uantity which characterice:
the eoncentration distrtburion along the U fuedon pathi. For this pur-
pose we make two icdentlcal parallel . =sftions 5, = 0, at a dis-
tance dx from each other Fig. 39). [ wh ragnvent ration gradient at
the first cross section Is desiohated Ly (3,7 .  tlen pear the sdoond
cross section 1t witl daiffer Ly &y infiplitely upmall value, 1.e., It

will be equal te (Fd‘) .,.(2'_) et g
Ax Jy ox /, Mo

X ¢
The guantity of sutstanee o' Ffusi g 4y fipht Cruss sec-
e - o R .
tion 1s equal to m, DS 3 ) . Af, Erwi L ICATLIP L [ substance diflfusing
AR P |
O 1’2(

through the seconi cross gsection to m, l)ﬁ{\f dx}At. e Pate @l
{

DR
change of the concentration in the volume < = e, 'neluded between
the two cross sections, 1is equal toc the ratlic oif the difference of Lin
quantitles of substance coming In and golng sat v oundt time 1O the
volume dnr, i.e.,

% My~ i,
=" x

3T Sdx - ar (4e)

Nanpodrewse dup@yive |,
—

Substisuring tre waliues Fgr'r:] and m,, Wt

cttain the follewing differential equation:

i & o a’c |
‘ =D (49)
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i the atcve =cancldered case of aiffusion
dl re-—

Fig. 39. A) Diffusicr in a capilleary, a4 stationary state is estali-
direetion.
licshed some t v Tror the bherinning of the
passage of Lhe gurrent, i...,; tivte toncentra-
tion at any point iit the capillary 'n fime ls canstant and Jde/dt = O.

Tt follows from %a. (4Q) that in this case ¥¢/¢2 = canst, j.2., th

concentration gradient at al: polnts of the cuarillary has the came va!
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ue, which 1s evidently equal to de/3x = (ca - cs)/Z, where 1 1is the
length of the capillary, e” 1s the conceniration of the lons estab-
lished near the electrode surface during passage of the current and co
is the concentration at the open end of the capillary which 1s identi-
cal with the initial 1on concentration 1n the solution prior to the
passage of current.

The number of lons diffusing 1n unit time to one square centimeter

of electrode surface 1s equal to

_S_'-'"TS't:D(%)x-o (50)
(in the description of diffusion processes this quantity 1is often
termed the diffusion flow). From this formula one can readily compute
the density of the electric current (i.e., the intensity of the cur-
rent, related to unit of electrode surfacec), passing through the sys-
tem. Indeed, under stationary conditions the current is determined by
the number of diffusing ions and, in order to calculate the current
denslty, one has to multiply the ion diffusion flow with the charge of
the ion. If the concentration 1s expressed in gram-moles per cubic cen-
timeter, the diffusion flow must be multiplied with nF, where n is the

valency of the ions,*® and F the Faraday number:

i-.-_-nFD(%)x_o. (51)

In the case of stationary diffusion the current density is

i=nFD"= " (52)

Formula (2) expresses the relation between the density of the cur-
rent flowing through the system and the stationary concentration e’ of
the metal ions at the electrode surface. Let us conslider 1n greater de-
tall the nature of the expression thus obtained. If the current density

is increased, the ion concentration at the electrode surface should de-

crease. The quantity c® may vary, beginning from the initial concentra-
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tion ¢  at a current denzsitv clouse 1o 70 o il w1 Inereade in Do
may decrease to zerc. In the latter ¢are 1le current density attains a

certain limit value which we shull designete by JJ. This 1imit current
density 1s often termed "limit diffusion current." 1t is equal to

nFi e
! o 7 . (‘:\3\
l.e., the limit current denylty s proportiens] to the fnitial concen-

L 4

tration of the silver {uns in thne golutlan and inversely proportional

()

to the length of the cepilla=wy. ASs 1ol e | agsumpt

v

or. made by us,
according to which «rldv s7iver icns are dischareed at rthe cathode,
holds, we must not pasu i 1 SebTLITRUNNR 4.2 F 41 713 {132 S vetem under considera-
tion whose denslty caxo o .- P 2 L nalume,

Because tre dirfusion coelriciarr lincrenses with temperature, the

limlit diffusion flow four this svaten sh ol 2130 increase with tempera-

ture, according to the relation

—

dig  nFc® oD 4 D’ (5N
 abale el o (5H)

§3. EQUATIONS CF THE CONCEKTRATICN POLAFIZATIO!
Using the expression for the limit @iffLtion currént we can writé
Formula (52) in the fcem:
. c*
l'—-ld(‘—-—(-,.'>. (55)
It folicws from thizs trhar vhe concentration of gllver lons at the

electrode surface, expresscd by the current density, is equal to

T I £ &
et (56)
Xnowing the connection between cue 2onsity and 1o concentra-
tion at the e_ectrole surface, we can co.ve cur prblem concerning the

devending of the electrode potintial 1 ifme diffdston Tlow, if it d4s
aszumed, as we 111 in the foregolng, tnat the clectrode potential 1s
determined in accordance w'on the usual tnermodynamic formula
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p=¢*+ R lnes, (46a)
In which ¢¥ 1s the concentration of the potential-determining ions near
the electrode surface.
Substituting in this formula the expression for e® from (56), we

obtain

-,-fRTlnﬂ In(l—,‘> (57)
Frequently we are not interested in the potential i1tself but in
It=s variation compared with the value which the potential had under
equilibrium condltions, 1.e., prior to the passage of the current. The
magnltude of this shift which we designate by 49, 1s normally termed

the polarization of the electrode

Aq»:%ln%::%ln(l—-&). (58)
Equation (58) which connects the potential variation with the cur-
rent density on the assumption that the passage of current affects the
electrode potential only by the varliation of the ion concentration, 1is

termed the concentration polarization equation.

s

o 02 -ay, 1
fo0am -
Fig. 40. Current density as a
function of the electrode po-
tentlal presence of concentra-
tion polarization. A) Volt.

aon It is evident from Eg. (58) that at a current density close to

zero the polarization 1s also close to zero, 1.e., iIn agreement with
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the above statementc, a velarization ot ! veectrodes is not ouserved
in absence of a current. When the curren: darsity increases, the elec-
trode potential, In consequence of the vecreagse In the surface concen-
tration of the potentlal-determining 'ons, shiftc to the negative slide,

l.e., A9 assumes a negative

At small values »f 7/ Ea. (58] cr o meplaced by the following
simpler expression:
.. RT T
T RE g chbe)
Accorilng - Fa ‘ zlaetmude nolarigation, aithough it is
small compared with !/ n:, . roparoida’ To th ;uxrcnt density 7 and
inversely proportional Lo u! Pimd irfusion current ‘7.

When the current density ternds to it. linit value id’ the absolute

value of the polarizatlion veccimes Intinite. Juch an Inrinite increase

2

in the polarization naturally Is devcid of any plysfcal meaning. Howev-

o

er, there is nothing surpris’»gz !n this deduction, because it follows

from the assuniption of the poscibility of a singmle electrochemical re-

.

action, which has beer made i thie Toreroing. When the ion concentra-
) 13

tion at the elcctrode surlace e is exa~tiy .ero, tnen according to
the thermoaynamic “oxeul . (lifa), the clecirode potential assumes the
value —, In realltv, 'owever, wnen the polarlization lncreases, new
electrochem! :al procecszes at the electrode surface become possible

{discrarge cf other lcns or molecules) which require part of the cur-

rent, owing to whic, the furtrncr potential variation is delayed.

Flgure 40 shows the curve represen!’ the Current density as a
functlion of electroce potentlal for ti cuco of concentration polariza-
tion according tc kg. (58). A-swontic: —apuld be glven to the fact that

different methouas of representing pclarivation curves are encountered

in the electrocnemical liter . ture, tuch 2 for example, in the form of

)



a dependence of the intensity or density of the current on the polari-
zation (Fig. 40), in the form of the dependence of the potential on the
logarithm of the current intensity or density (Fig. 41) or in other

forms.

b} p
A fomm

-0,

—

]
|
[]
]
]
[]
A
-5 -3 -6

lge a/en?

Fig. U41. Potential as a function
of the logarithm of the current
density in the case of concentra-
tion polarization. A) Volt.

The above-derived equations are applicable only to non-concentrat-
ed solutions. In the case of concentrated solutions difficulties arise,
connected with the fact that not the concentration of the potential-de-
termining ions near the electrode but their activity must be substitut-
ed iIn the formula for the electrode potential (46a).

The picture is even more complicated by the circumstance that the
diffusion coeffilclient in concentrated solutions 1s no longer constant
but depends on the concentration. In consequence of this, concentration
polarization 1in concentrated solutlons cannot pve described accurately

by means of the simple equation (58).

§4., CONCENTRATION POLARIZATION DURING FORMATION OF AMALGAMS
Let us examine the diffuslon processes and the phenomenon of con-
centration polarization during the discharge of metal ions, for exam-
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pley of zinc icons, on a mercury cathade . In veriyrnst to the earlier
considered case, where the alscharse of <he silver {cns mercly resulted
in the formation of a »ew silver laver an a silver electrode and did
not alter lts eélectrochaemical rature, frrpetion of zince amalgam takes
place when zinc ions are atl: I at ne mercury cathede. The concen-
tration of the amealgim wil? e a paxinwa 1n she dirsct vicinity of the
polint of the electro¢humlcal reaction, {.2., near the surface of tre
méraoury electrode, whigh g in 4gntacy wis: the soludtion. Qwling to the
presence of a coneent pation gradient of zine in mercury a process of

dirffusion of zinc a: s . e caritee ot tre amaleam into the velume

of the mercury phass tarew ; 40., 1] gentg © nwalize the zine con-
centration in the amzigam. Uiier corinis edtiony 3 stationary &tate

——

may be established In whic? Tiduerie L84 C e lud diseharged in unit
time 18 egual to the quantity cf uinec moving away Trom the surface of
the amalgam in ccnsequerce of the diffusion.

The stationary state of diffusion ir a soluticn and amalgam can be
achieve: hvy neanys cf tha device whieh 15 schematfenlly represented in
Flg. 42. The capillary tube commurisdses i tw, large reservoirs, of
which one contalnu- rore mercury and trhe coibor a2an electrolyte solution,
for example, Zn,1; 1nd arn evzcoers of Impurity salt. Tn the capillary
there s a r-rorprv nenliscus o which tne electrochemicel reaction of
the discharge cf zine lcns taxes pliace auring the passage of current.

On the one hand, a aiffusion of zinc ions towards the surface cf the

mercury menlscus tasnvs piace within the <z i!i2ry and, on the nther, a
diffusicn of zinec =2toms from the meni.sul tne inercury reservoir.,
The. potential Of the zZmeiygar ol e is deveppined not only by
the concentration of the z.i..€ 20Und ubt & pelnt df Lhe sclution clese to
the electrode zuriace tur &a. v by the concenctraticn of the zinc atoms

in the amalgam at the poin. close te the amalgam-salutlion Interface. If



we designate the ion concentration in the solution by cz, the concen-

tration of the zinc amalgam by co and the corresponding concentrations

M

close to the electrode surface by ci and c°

y? then we have for the amal-

gam @ - the electrode

»

p=9'+ 2% ln%. (59)

In order to derive an equatlon for the concentration polarization
durling the formation of amalgam, we must, as previously, connect the
concentration near the surface with the density of the polarizing cur-
rent.

The diffusion cf the zinc lons in the solution proceeds in accord-
arice wlth the same laws as in the first example considered in the fore-
going; according to (53) and (5€) the stationary ion concentration near
the surface 1s connected with the current density by the relation

. ” (i — i) gy (i~ ).

The dif'fusion flow of the zlnc in the amalgam depends on the con-
centration gradient of the zinc 1In the amalgam. The concentration of
the amalgam near the phase boundary with the solution is c;; the amal-

gam concentration co at the end of the capillary is zero because the

M
= LS o



end of the cepillary is ln conlact witlt tMe mirepyoir of pure mercury.
Hence the diffuslon flow i= ainply pravcrticnal te the amalgam concern-

tration near the clectrode surface. As previoucly pointed out, under

statlonary conditions the dilrfusion 'ow exrressed in electrical units

is equal to the denslity of g Atsgharg urrent; thus the simple rela-
tion
e
or
ll
MDD

4

exists between the cur—on engity and tte stationery amalgam cancen-
tration near the surrace, where o' i ne dtffuslor coefflicient of the
zine in the amalgam and 1’ Lhe la2ngth T the arillary section filled
with amalgam.

By substituting these expressions for the surface cornicentrations
into the thermodynamic formulez (59), we obtailn a: ~cuatlon for the po-
tentlal of the polarized electrede, expressed by the current density

and the iimit current

Gt b BT DR BF e Tt BTl \
B e - l"{’f)"‘ T in T = Const -k - In . (8], )
Equation (61' is tue eguation for the concerntration polarization

in presence of concentraticn variatvions in the solution as well as

&~
&)

within the metalll
Let us consider the physical meaning of the ceonstant which enters

into Eq. (61). It 1s easy to see tnat tnis constant is equal to the po-

tential at which the poiarizing curr *ooddns nelf fts maximum, 1.e.,
at which 7 = %ic. This porential, I reascns vnich will be clear fron

the fcllowing, %z often termed nsn!i-vive putential and is deslgnated by

qi/z; (o o U
RTI {g—.

L TP iy 2L (C1la)
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It can be seen that the half-wave potential 1s independent of the
initial concentration of the solution.

In order to carry out a graphic analysis of Eq. (61), it 1is con-
venlently rewritten In a slightly different form, solving 1t for the
current density

la

ARy (62)

TR

{=

Figure 43 shows the curve representing the density of the polariz-
ing current as a function of the electrode potential, corresponding to
Eq. (62). As follows from this equation, the current is small compared
with id in the potential region, in which the difference ¢ — @1/2 con-
siderably exceeds the magnitude of RT/nF (we remember that the numeri-
cal value of RT/F is 25 millivolts).

In the potential region in which the absolute value of the differ-
ence 9 - @1/2 1s small, a marked increase in the current takes place
when the nega*ive cathode potential 1s increased. With further increase

(

] T '

L

-0.4 -0 tpfil -L; -12 -'.;‘”vn A

Fig. 43. Current density as a function of the potential in the case of
concentration polarization during the formation of amalgam. A) Volt.

in the cathode polarization the quantity o - ®1/2 assumes more negatlve
values and the diffusion current tends to i1ts maximum. Every curve of
the current density as a functinn of potential has the shape of a wave;

hence the term half-wave point for the point at which ¢ = %id' We find

=Nhses



et (o g e e ey ’
" I +_ B S 3 lv-";—l-
Fig. U4, Electrode potential us a Luanction ol 1oy r(id - 1)/1i] ir anal-
gam formatlon. A) ¥ .. Jitam...; &) log...
that the curve 1s corpletely symmetricnl I +h recpect to the half-wave
point.

Another method of graphic representation cf *he curve correspond-
ing to Eq. (61) i1s possitle which 1is sometimes more convenlent for
practical purposes. If the potential of the amalgam electrode (or the
Jifference ¢ - 01/2 ) ¢ plotted on the ordinate axis and lg (id -1)/1
on the avscissa axis, a straight llirne 1s obtal - with a slcpe coeffi-
clent of 2.3 ~ RY/nF (Rig. 44), By lay!ng _ff the experimental polints
on this graph 1t I uosslonle, Iin particular, to determine the valency

of tne meta) wrlcr 1s discrnerped with formation of amalgam.

§5, EFRFECT OF THE ELECTRIC FIELI ON THE LIMIT CURRENT
In the abcve-aiscussed examples of electrolysls with concentration

rolarization we have eliminated the ef " the electric field on the

@

movement of the d’ucharging lons bty aduling to the colution an excess of
3 forelgn electro.vte. lLet us now —.anine in what manner the conditions
cf suppiy of thre cubstarce 2re modlfied when 1n addition to the concen-

tration gradient in the suliutiosn an electric fleld is also acting and
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how the 1imit current varies in this case.

Let the silver electrode to be studied, as in the first example,
be In a thin capillary filled with silver nitrate solution, but this
time not containing any potassium nitrate. After switching on of the
current the concentration of sllver lons near the cathode begins to
decrease; the concentration of the NO% lons which are carried out of
the capillary by the current decreases at the same time. Because for-
elgn catlons are not present in the solution, the concentrations of
Ay+ and NOE remain equal, l1.e., at any point of the solution outside
the double layer, by virtue of electrical neutrality, the concentra-
tions of the positive and negative ions must be the same (in the case
of lons with the same valency). Some time after the switching on of the
current a stationary state is attalned in which the 1on concentration
at any polnt of the solutlon no longer changes with time. Because the
Nog ions are not discharged at the surface of the silver cathode the
constancy of their concentration means that they move neither to the
cathode nor to the anode in the solution, 1.e., that the sum of forces
acting on these 1ions 1s zero.

Let us consider what forces act in the solution on the Nog ions.
The first force which causes the diffusion of the ions and which aris.
In presence of a concentration difference of the ions in the solutilon,

is determined by the osmctic pressure gradient 3P/3x; the average forc:

acting on a single ion 1s

I 9P
’o‘:r’ﬁ'a';-' (63)
where eN is the number of ions in unit volume (# 1s the Avogadrc num-
- +
ber). Under the action of thls osmotic force the N03 ions, like the Ag

ions, are directed tow~rds the cathode surface.

The second force acting on the lon in solution and due to the



]
eiectric fleld, is
fo=2l (nk)
where E 1s the Intenslty of the eleectric “icld In the solution and ¢ is
the charge of the unilvalent lor.

The force of the el. Piedd aci ltg on th NO; ions Is directed
towards the arnode, 1.-., appasitely Lo the directicy of the osmotic
forée.

Because 1n the statisnery state & osmotlc and «lectrical forces
acting orn thoe 4.3 4 WAl ly tonpensating,

Jo=i, (68)
1 AR - T
it (552

On the basis ot tiils relation 1t is -0 v to v sudallze how the
movement of the catlions takes place. The ocmcet . [ osure gradlent of
the catlons has the same value as Iin the case or e anions. The ¢ lec-
trica. force acting oa the cati . ns has the sane valu~ and the inverse
directior as that actin~- 'n tne znions. ternce *rn tie case of the cat

i lons the osmotric and elecirical forees Jdo Jancel out but are super-

§ib)
|
3| S
|| ===
_“I vy
|
o "
I R
Fig. 85. Schemat.c if the metl.n wf the forces of usmotic pressure (f,)
and the electro. tatic fleid (fc) ronie animas and catione=.
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posed (Filg. 45). By virtue of the relation (65) the total force acting
n the cations ts twlce the osmotic pressure. Thus the velocity of the

lver ions will be twice as -reat as the velocity which they would
rnave I1f the osmotic force alone were acting. In other words, in the
:ase under consideratlon here, owing to the effect of the electric
"leld in the soluti-n, the 1limit current 1s doubled as compared with
the limit current, passing through the system i1in presence of an excess
f foreign electrclytes in the solutlon as was shown by Eucken [3].

We must point out that the doubling of the 1limit current takes
place only when the catlions and anions have the same valency. In other
cases other numerical relations are obtalned but the physical nature of
the observed phenomena is not altered.

Ve can arrive at the same resuil by another pathway, by consider-
ing, not the forces acting on the anions and cations separately, but
the total velocity of the lons under the action of these forces. This
treatment 1is more general and 1s used for the ¢ xamination of these phe-
nomena 1n more complex cases. Let us consider the motion of an a.lon,
taking place under the influence of two factors: diffusion under the
Iinfluence of osmotlc forces and migration under the action of the ele
tric field. The magnltude of the diffusion flow, i.e., the number of
anions, diffusing Iin unit time through unit cross sectlion, 1is
UA(BGA/ax), where LA 15 the diffusion coefficient of the anions. The
velocity of the anions under the influence of the electric fleld inten-
sity £ 1s w, = UzE, where Uj ls the so~called absolute anion mobility,
i.e., their speed acquired in an electric rleld whose intensity is 1|
v/cm. The number of anlons passing through unit cross section in unit
time under tne influence of the electrical force is obviously CAUzF
(1.e., equal to the number of moles of ions contalned in a cylinder
with a cross section of 1 cm’ and a iengti numorically equal to UZE).
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Under stationary conditions the anion concentration st any point of our
system does not change, 1.e., the number of anions moving under the in-
fluence of the two factors to either side is mutually compensated. From
this follows

22,
Da-2s. - cAUSE =0, (66)

In the case of the catlions the lon flow moving under the influence
of the osmotic and electrical forces has the came direction. The total
magnitude of this flow expressed in electrical units, i.e., the current
density, passling throuch our system, 1s obviously

(= F (D 554 xhE) (67)
Let us examine the equations (€¢) and (57). Ia the case under in-

vestigation of an electrolyrte with ions ot ejual valency the cation and

anion concentration at any point in the solution ar< equal, l.e., ey =

=Cye In addition to the concentrations, the mobilities and diffusion
coefficlents of the anions and c?tions enter into these equetions. The
mobilities and diffusion coefficients should evidently be proportional
because both quantltles depend on the reslstance which the solution of-
fers to the motion of a given ion. The conncction between these quanti-
ties 1s expressed by the following formula [4]*:

Di= B yip. (68)

Substituting (58) in Egs. (66) -and (67) we find:

RT % —cE-0, (69)
s RT o "
lnFU;’( T?‘;’*'Cb,' (70)

where ¢ = cA = cr.

.

From thls we find the final expression for the current density:

i =2 R ygF 3 —2FDx 5 ' (71)

i.e., we have arrived, as previously, at the concluslon that under the
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influence of the electric fleld tte current is doubled compared with

the diffusion current.

§6. OHMIC POTENTIAL DROP IN THE DIFFUSION LAYER

In the above-considered case of concentration polarization in the
absence of an excess of an indifferent electrolyte in the solution dur-
ing the passage of current a certain potential drop occurs. Let us at-
tempt to derive the relations for the potential difference ¢0 - mz at
the ends of the layer of the solution, in which the alteration of the
electrolyte concentration is concentrated; in our example, this layer
will be the part of the solutlon between a point close to the electrode
surface and the end of the capillary which is 1in contact with the solu-
tion in the larger cross section of the device.

To this end we divide both parts of Eq. (69) by ¢ and integrate

ver the entire length of the capillary, l.e., from = = 0 to = = 1

{ [}
‘desfl;§d'"cdx'.=-’%£ln—c;- (72)
6 <

Jx

The left part, the integral of the electric field intensity over
the path, 1is simply the potential diftference ?; — Pq -
It follows from this that the sought-for potential difference & ol

between a point near the electrode surface and the end of the capilla
is
we gy LRI (72a)
The quantity A¢Bm 1s evidently negative because the current flows
from the solution to the electrode.
Equation (72a) can be obtained directly by applying to the anion
of the electrolyle the Boltzmann formula. Because the anlions are immo-

bile, we have
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(ea=2F
SR
ch=cpee M (7%

(comp. Eq. (5a)). Because cz = ¢° and CX v a’ Eq. (72a) {s obtained di-
vectly from Eq. (73).

The passage of current in an electrochemical system, due to con-
centration changes, thus causes not only a certain shift of the elec-
tfode potential, termed concentration polarization, but also a certain
potential drop in the diffusion layer cf the solution near the elec-
trode which in the case of equal valency of the cation 2ni anion 1is
equal to the concentratinn polarization. This circumstance must be giv-
en speclal attentiocn because the textbooks on electrochemistry normally
do not take 1t into account, and in ths literature it 1s often incor-
rectly described.

It would be of interest to return to the case of concentration po-~
larization in presence of an excess of indifferent elrctrolyte In the
solution and to calculate the ohmic potential drop for this case. The
Ohm law is conveniently used for this calculation. The density of the
diffusion current according to Formula (52) is equal to i = nFD(co -

- ¢%)/1. In order to find the potential dr at the ends of a capillary
with length I we must divide the current density by the electrical con-
Guctivity of the solution and multiply by the length®
Byou=to == - In G- (74)
The specific electrical conductivity of a solution, as we know,

can be expressed by the concentratlion, mobility and valency of the ions

in the solution

v=F Y nicil} (75)
¢
where the summation is carried out rfor all ions. Substituting into Eq.

(74) the value «x and replacing D by RT/nF-Uo, we obtain:
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RT U (e —0¥)
?r-?.=-7"-zp;ayr' (76)

() As the numerator of this expression t'igures the absolute mobility
and concentfation of the dlischarging ion, and as denominator the abso-
lute mobilities and concentrations of all ilons iﬁ the solution. In
presence of a large excess of forelgn electrolyte the ochmiec potential

rop in the diffuslon layer can consequently be reduced as much as de-
sired. Thus, for example, with a tenfold excess of forelign electrolyte,
In whieh the ion mobilities are close to the mobilities of the dis-
har:ting electrolyte, the ohmic potentlial drop 1is of the order of mil-
ivolts. If the concentration of the foreign electrolyte 1s small com-
ared with the concentration of the basic electrolyte, the variation of
the electrical conductivity because of the decrease in the total icn
concentration near the electrode surface must be taken into account
n calculating the quantity @Z = @O by the above method. In absence
/ a foreign electrolyte an wccurate calculation of the ion concentra-
mn and electrical conductivity variation of the solution leads to a
emula which is identical with Formula (73) derived earlier on the ba-
s of other considerations, 1f the potential drop caused by the 4if-
rence in ion mobility 1i1s also taken info account (see footnote, pag

2)s

(. THE ROLE OF MIXING IN DIFFUSION PROCESSES
As has been evident from the preceding sections, the intensity of
ie electric current. which can be passed through a qulescent solution,
es not exceed a certain limit value. The latter 1s relatively small
cause in absence of any motion of the liquid the charge transfer is
o ought. about only by the diffusion and ion migration processes, whose

rate 1s low.



In practical electrolysis one often tries to use greater current
intensities, and for this purpose the electrnlysis is carried out not
in a quiescent solution but with intense stirring. Strictly speaking,
without special precautions it is impossiblie to carry out electrolysis
in a completely quiescernt licuid, because ever in the absence of arti-
ficlal mixing there is always some movement of the liquid during the
passage of current due to unegual heating, concentration changes and,
consequently, a different density of the soluticn at different points
and also gas evolutlon =t the electrodes and other causes. Such natural
mixing greatly increases the possible values of the 1limit current in-
tensity. By means of artificial mix ng (for example, a speclal stirrer)
the rate at which the reactants are supplied tc the electrode surface
can be considerably increacsed ané thus the intensity of the current
flowing through the system.

In this connection arises the problem of establishing the diffu-
sion laws in a moving liquid, 1.e., the laws of convection diffusion.
To solve this problemn, equations of motion must be written which take
into account the transfer of the dissolved substance by the moving
liquid as well as the rovement of the dissolved substance reclative to
the liquild. However, if the problem 15 stated in such a general form,
a comnplex syvtem of mathematical relations 1is obtained which does not
immediately yield tangible results. For this reason the interesting
and practically very important problem of convective diffusion has for
a long time been solved only in a coarsely approximate fashion. Only
in recent years has 1t been possible to aci’eve some successes on the
way to its exact solutlion.

When solving any problem on convective diffusion 1t 1ls essential
first to investigate the nrnature of the motion of the liquid relativr
to the so0lid electrode on wnich tne electrochemical reaction of dis-

= 2
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charge or ionization takes place and to establish the law of the veloc-
ity distribution of the liquid at different distances from the elec-
trode surface.

It 1s known from physics that a layer of liquid directly adjacent
to the surface of a solid does not move relative to this body. This
conclusion, which 1s by no means self-evident, follows, for example,
from the fact that the determination of the viscosity of liquids by
means of the capillary viscosimeter gives values which are independent
of the nature of the capillary walls. If the fluid were sliding rela-
tive to the capillary walls, different velocities would be found de-
pending on the material used for the capillary and, consequently, dif-
ferent values for the viscosity coefficient.¥*

It follows that a solid, present in a fluid flow, exerts an im-
portant influence on the nature of movement of the fluid and causes a
rariatlon of its velozity. The braking effect of the solid, however,
extends only to a limited distance from the surface into the depth of
the moving fluid; beyond the limits of this distance the solid does not
iffect the velocity distribution in the fluid. Between the surface of
a 50lid close to which the relative velocity of the fluid 1s zero and

nt at a great distauce from it the velocity of the moving fluid var-
es 1n accordance with a certaln general law. This braking effect [s
ctermined only by the geometrical éonfiguration and macroscopic statc
»f the surface but does not depend on the nature of the solid.

The problem concerning the effect of mixing on the diffusion cur-
ent has been investigated by Nernst [5]. According to the theory de-
veloped by him, diffusion takes place in a certain layer at the elec-
trode surface whose thickness 1s designated by é. Within this diffusion
layer diffusion takes place as if 1liquid motion were entirely absent.
At the boundary of this diffusion layer, owing to the mixing, the ini-
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tial concentration of the reactants 1s 7 rmanently malntained. This

corresponds to the simplest pattern of velocity distribution: inside

the diffusion layer the velocity of the liquid is zero and at 1its \:)
boundary it increases suddenly to some large value (Fig. U46), The dif-
fusion rate of the substance -eacting at the elecvrode surface under
these assumpticns is determined by the laws of diffusion in a quiescent
liquid; in other words, the current Jdensity, according %to the Nernst
theory, 1s
ine MR (E0) (77)

The Nernst thecry has the advantage ¢f great simplicity and clear-
ness but it has the great defliclency that it orerates with vhe diffu-
sion layer thickness é which canrnor be calculated theoretically and
whose physical meaning 1s not clear.

' Nernst and hls co-workers and ale. other
i authcrs have carried out a number cf investiga-
tions on the basis of which conclusions concern-

- L ing the magnitude of é were obtained. In particu-

E lar, they have shown that this quantity cannot be

a S regarded as a constant, but that for an electrode
Fig. H;. Velocgly of given shape it varles with variation of the
égéna?g)cg?g;giii: velocity of motion of the 1liquid. It was found
tion of a dis- [6] that for an electrode in the form of a rotat-
charging substance
igyzgeagigigiignto ing disc the thickness of the diffusicn layer 1is
the Nernst theory. connected with the angular velocity of rotation

w by the following relation:
b SO0, (78)
where n = 0.6. -
Nernst assumed that the thickness 6§ depends only on the rate of {_)
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mixing and that other factors do nct affect 1t. In particular, he as-
sumed that under given conditlons of motion § is a constant quantity,
which 18 independent of the nature of the diffusing substance.
Knowing the magnitude of the limit current and the concentration
of' the discharging substance, 1t 1s possible, on the basis of Eq: (77)
to compute the thickness of the diffusion layer. Thils calculation shows
that depending on the rate of mixing this thickness 1s of the order of
107221073 em. A thickness of 1073 em corresponds to tens of thousands
>f molecular layers. A layer of such thickness cannot be maintained by
molecular forces on the electrode surface 1n an immobile condition,
t.e., the liquid in the diffusion layer cannot remain immobile. This 1is
the physical Jdeficiency of the Nernst theory.
An attempt to circumvent the difficulties, connected with the con-
cept of a qulescent diffusion layer, has been made by Eucken [7], who
ihted out the net ity of considering ‘the conditions of ligquild mo-
tion in the diffusion zone of the dlissolved substance. However, the
ieory of Eucken 1is too general and has been worked out onliy for cer-
1in partial cases. In addition, it contains certain mathematical er-

ors and incorrect assumptions [8].

J. THEORY OF CONVECTIVE DIFFUSION
Comparatively recently V.G. Levich worked out a theory of diffu-
sion and concentration polarization in a moving liquid [8, 9], which
akes the conditions of motion of the liquid in the diffusion layer in-
to account in a fairly rigorous mathematicai form; this theory is un-
>ubtedly the first physically and mathematically acceptable solution
f the above-formulated problem.
In order to explain the basic concepts of the theory of Levich let
us consider as an example an electrode in the form of a plate along
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which a flow of liquid takes place. As polnted out in the foregoing,
close to the surface of the plate the velocity of the liquid is zero;
at a certain distance from the plate the liquid moves with the initial
velocrfy of the flow which we thall desiegnate by up As the hydrodynam-
ic theory, developed by Prandtl [10] shows, a gradual increase in the
veloeclty takes place withlin a certain layer from zero at the surface of
the solid to the veloclrty u, at a large dlstance. The velocity distri-
bution of the liquid flow as a function of distance 13 shown in Fig. U7
by arrows. The layer w!thin which the uniform motion of the flow is up-
set 1s termed in hyédrodynamics the Prandtl boundary layer:; 1ts thick-

ness we shall designate ir e followling by égr'

/A/'/lv;z/'?//t/ltlf P - e - = { J
Fig. 47. Velocity dis- Fig. 48. Distribution
tribution of the liguid of the boundary layer
flov near & sclid sur- thickness along the
face, a) gr. surface of a plate im-
rersed in a liquid flow.
8 gr.

Hydrody.aamic theory shows that the thickness of the boundary layer
sgr depends on the speed U, of motion of tne low relative to the solid
and on the kinenatic viccosity v ¢f the 1iguld (the kinematic viscosity
is equal to the ratio of the viscosity of the liquid to its density).
Moreover, for the above-given example o® a flat electrode, placed in a
liquid flow, the thickness of the boundary layer is not constant for
all points of the electrode surface but depends on the distance of the
point concerned from the point of impact of the flow (Fig. 48). In pro- (:)

portion to the increase in this dlstance x the thickness of the bound-
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ary layer increases. The theory gives the relalion

0

It must be emphasized that the hydrodynamic boundary layer is

o |/:'Z. (79)

ty

formed under conditions of an external flow around the body at Reynolds
numbers which are large compared to unity. The Peviolds number Re 1s
the dimensionless ratio uol/v, where 1 1s {he characteristic dimension
{ the body, for example, the length of a flat electrode 1n a liquid
flow. In flow inside a tube the boundary laycr forms at the orifice and
increases in accordance with the law (79) until it fills the entire
tube:. At very la;ge'ﬁeynolds numbers (for example on a plate-with Re >
lOu) so-called turbulent flow occurs, l.e., markedly nonstationary
rertical flow of trhe liquid with typleal irregular pulsating velocity
variations 1n space and time. Under conditions of turbulent flow the
veve-given simple theory can be subject to important modifications.
/ To solve the diffusion problem we should take an lnterest not only
n the veloclity distribution of the liquid near the solid plate but gl-
in the distribution of the concentrations of the substance which is
Ischarged at the electrode surface, because knowing this distribution,
e can derlve concluslons concerning the laws of the diffusion process
It would seem that we can eguate the Prandtl boundary layer with
he Nernst diffusion layer and assume that the initlal concentration cof
he diffusing substance 1s malntalned at the boundary of this layer
vhile within the layer the concentration gradually decreases to zero
oncentration at the electrode surface (ln presence of limit current).
This concept is lIncorrect, however. As the theory, developed by Levich,
shows, the thickness of the layer 1in which the variation of the concen-
tration of the diffusing substance takes place ls considerably less

‘:i than the thickness of the layer, in which the veloclty of the 1liquid
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motion varles, although there !s also a certa' nilogy betweer. these
layers. The coincldence or noncoincidence of the thicknesses of those
two layers depends on the ratio between the guantities which character-
ize the corresponding process of the momentum transfer and the diffu-

sion process, 1.e., the transfer of matter.

B

o s

Fig. 49. Thickness (Sm,) of the

boundary layer and thickness (&)
of the diffusion layer.

The momentum transfer between liculd layers, moving with different

velogitdes , @Qepenls on the Torce of the internal friction and is deter-

:

mined by the kinematic viscosity of the liguis. Analogously, the proc-
ess of transfer of cubstance between laybrs of a solution with differ-
ent concentration depends on the diffusion coefficient of the so_ute.
In aqueous s<lutions the diffusion coefficiernt of dissolved molecules

5 -1

or ions is of the order of 10 cm® - see ; the kinematic viscosity

which is expressed in the same units ascumes values of the crder of

10_'2 em-sec L

s 1.e., there: 18 a grest 'u~erlcal dilference between

these quantities. This signifies that 2 much larger gradlent, i.e., a
much mere marked variation of concentration as a function of dlstance
is reguired for the transfer of matter via diffusion, _han for the mo-

mentum transfev in presence of a velocity gradient. In consequence of
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this the concentration disturbances are propagated in a much thinner
layer than the disturbances of the velocity of motion in a liquid flow.
The layer in which an impoverishment of the solution takes place is
thus thinner than the Prandtl boundary layer (Fig. 49).

Mathematical calculation shows that the following relation exists
between the thickness § of the diffusion layer and the thickness 6gr of
the boundary 1layer:

5?;""(%)”" (80)

For aqueous solutions, in which, as previously pointed out, D and
. are of the order of 10 2 and 10~ cm2-sec_1, the thickness of the
ji1ffusion layer is approximately one-tenth the thickness of the bound-
ary layer.

By comparing Egs. (79) and (80) we find for the thickness of the

ffusion layer
8~ DV aytidglizy,~113, (81)
Knowing the thickness of the diffusion layer, we can calculate the

urrent density down to the electrode surface by means of the basic

‘ormulas of diffusion kinetics:

ja WD (#—0) (82)
. ®
nd
i4==nF:)c. . (82a)

In the above-considered theory, Formula (82), however, differs in
te significance considerably from the corresponding formula in the
.heory of Nernst (77) because the thickness & which figures in the de-
wominator of the right part of Eq. (82) is not the tl..ckness of the im
1obile layer; on the contrary, a gradual increase 1in the velocity of
the liquid flow takes place in this layer.*¥

The second important difference compared with the Nernst theory
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consists in the ract the gquantity o depends not only on the veleeity of
motion (stirring) of the liquid, but also orn the diffusiorn coefflcient
of the discharging substance. It follows that under identical geometri-
cal and hydrodynamic conditlons, the aquantity & 1s not constant but de-
pends on the nature of the particles reacting at the electrode surface.
A substance whichh has a larger diffusion coefficlent can diffuse to the
electrode surface from a greater depth, 1.e., the thickness of its dif-
fusion layer is greater than for a substance with a smaller diffusion
coeffielent. From tliis follows thée interesting consequence that the
denslity of the diffuzlon current s not llrnearly proporticnal to the
diffusion coefficient as this was the c¢ase in the earlier considered
cases of diffusion in a qulescent liquid and ag Nernst also assumeda for
@iffusiom in a moving ligquid, but is proportional tec the 2/3 power of
the diffusion coefficlent:
§ ~ nFDUY gl y=116 x=112 (b ¢y, (82)

Trué, the difference’'in the diffusior current as a funetion of the

diffusicn coefficient (atcording to the Nernst thecry 7 - D, according

D2/3) is not of great practical importance,

to the theory of levich ¢
tecayse the diffftesion coefficlients of different substances vary within
falrly narrow limits. However, this diff:rence is nonetheless important
in princlple because it shows that we are dealing with two different
diffusion patierrns. Whilet the Nernst theory assumed that the quantity
§ 12 given by the velocity distribution in fhe 1liquid, this quantity
is determined in the modern theory by the diffuslon process itself.
This difference becomes even clearer when «e consider more complex cas-
es of convective diffusion but we cannct dweil on this here.

The most important difference between the two theories consists in
the fact tnat the quantity & in the theory of Levich 1¢ not introduced

a3 an arbitrary constant as this was the case 1in the Nernst theory, but
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assumes a defined physical meaning.

9. ROTATING DISC ELECTRCDE

We have discussed 1n greater detail the case of an electrode in
the form of a thin plate immersed in a liquid flow, primarily because
the nature of the liquid motion can be clearly observed on it. In the
following we shall consider the case of an electrode in the form of a
rotating disc. An electrode with this shape 1s frequently used in elec-
trolysis.

When the disc electrode rotates rapiily
around an axls attached perpendicularly to

the plane of the disc at its center, thre

liquid 1n contact with the central parts 2°

the disc 1s thrcwn off towards its edges by

_41:___ -'“_ centrifugal force. In consequence of this,
I 1 S ey a negative pressure is created around the
e NNl =
—_ — — — center of the disc and the 1iquid flow 1s

Fig. 50. Motion of the
liquid near a rotating
disc electrode.

directed from the volume of the solution to-
wards the center of the dis¢. The lines of
movement of the liquid flow have the fo:
shown in Fig. 50. If it is conslidered that the flow of the sclution
from the volume impinges on the center of the disc, the thickness of
the boundary layer must increase in propcrtion to the distance towards
the edges of the disc. On the other hand, in proportion to the approach
to the disc edges the linear velocity of motion of a point on the disc
increases, in consequence of which this thickness should decrease. It
is readily seen from the relation (79) that these two influences are
mutually compensating. In reality the Increase in the thickness Ggr
takes place in proportion to the square root of the distance from the
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point eof. lmpact, L.e., in this case the square root ¢f the radius. The
linear velocity of the motion of a point on the disc is proportional to
the radius, and the thickness 6pr is inversely proportional to the root
of the linear velocity. The net result is thet the thlckness of the
Prandtl boundary laver is the sare for 211 polats on the surface of the
rotating disc. For this reason the hydrodynamic protlem is simplified
and the diffusion problem can be finally resolvea for this case.

The first conclusion whien c¢an be made is that the diffusion lay-
er, like the beunda-y var, has the same thickness for all points on
the surface of the rotating dlsc. In concequence of this the current
density 1s alsc the same at all ,oint If some metal, for exambple,
coppelr, 18 deposited on a rotating dilse¢ elettrode, 1t covers the entire
surface of the disc with a uniform layer whose thickness is the sam- at
the edges and the center.

Calculation gives {or the thilckness of the diffuslicn layer on a

rotating dlsc electrode:

6 == 1,62 DV3E y=1/2, (84>
where w 15 the angular velocity of rotation ‘i.o., the number of revo-
lutions per second, multiplied by 2 =n). Usir this expression, we find
for the current density
i =062 4F DY wM2 v=115 (0~ ¢t). (85)

As previously pointed out, it has long ago [7] been found experi-
mentally that the diffusion current of the rotating disc electrode 1s

m0'6. The cl.-ht deviation between the

approximately projortioral to
exponent 0.6, found experlimentally, an! thc exponent 0.5, requlred by
theory, 1s due tc the fact that the precautions were not taken 1in the
experiments to exclude the formatlon of vortlces. I[f 3uch precautionary
measures are taken, an expon-nt 0.9 is 1indeed found in the experiment.

The complete guantitative applicability of Formula (85) has been shown
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by experimental investigations [11]. In Fig. 51 the thick 1line indi-
cates the limit diffusion current as a function of the rate of rotation
of a disc electrode, calculated in accordance with Eq. (85) for the
case of the reduction of oxygen dissolved in 0.05 N HCl; the points
represent the experimental values of the 1limit current. As follows from
these tests, the above-described theory of convective diffusion can be
considered to have been proved correct with complete confidence. The
exact expression for the current on the rotating disc electrode can be
used in analytical practice for the determination of the concentrations

of a reacting substance by measurement of the limit current.
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Mig. 51. Limit diffusion current of the reduction of oxygen as a func-
tion of the rate o® rotation of the disc electrode (m 1s the number of
revolutions of the disc electrode per second). A) Rotations per secon

For electrodes of other shapes than the rotating disc electrode,
the solution of the problem cannot be taken to the calculation of the
numerical coefficlents. This 1s due to the fact that in these cases the
hydrodynamic aspect of the phenomenon is unduly complicated. With the
ibove-explained theory it 1s possible, however, to reduce in all case:
the electrochemical problem to a hydrodynamic problem and thus to ex-
pose 1ts physical meaning fully.

The relations derived in §3 of thls chapter for the magnitude of
the concentration polarization also aprlies to the case of electrolysis

= 135 =



in a-stirred liquid; it 1is merely necessar) subctitute in it the
correct expressions for the limit current. For the case of the rotating
disc electrode the 1limit current is found from Eq. (85). Likewise the
relations derived in §6 for the ohmic potential drop in the diffusion
layer retain their validity. Tle ohmic potentlal drop outside the lim-
its of the diffusion layer, where the couwposition of the solution does
not change during electrolysis, can be found ln thcwcase of an elec-
trode ofgimple geomaebtrical shape from the current intenslity and the
electrolyte resistance.

In the derivation of the equations in §7-9 we have assumed that
convestive diffusion is not complicaved by lon migration. In the case
where the electric fleld in the solution affects the motion of the re-
acting charged particles (for example, in absence of a forelgn electro-
lyte), the corresponding corrections must be introwuced into the ex-
pressiong for the limit current, as described in §5. However, im the
case of a stirred liquid the quantitative calculation of the lon migra-
tion difters somewhat from the case of a quiescent liquid. Thus, when
univalent cations are discharged In a stirred¢ .igquid, the migration

{

does not cause doubling of the limit current (szee Eg. (71)) but a

smaller increase.

§10. NONSTATIONARY DIFFUSION EQUATION FNR THE FLAT ELECTRODE

In the precedin; sectlons we have examined the phenomena which
take place in stationary diffusion, i.e., in diffuslon processes whose
rate has already been established and doel 110t change in time subse-
gquently. Of interest is also an examinz' lon of the diffusion processes
whose nature has not yet been established and whose rate varies with
time. The study of these phenomena is of importance for two reasons.
Firstly, in some cases we encounter 1n practice precisely such nonsta-
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tionary processes. One very important case, the diffusion at the mercu-
'y drop electrode, will be discussed in greater detaill later on. Sec-
ndly, when considering stationary diffusion processes, the assumption
s made that a statlonary state can be attained; this assumption re-
julres proofs which we have omitted in the preceding discussions.
Hence, without an examination of the nonstationary states, it 1s, gen-
rally speakiag, not possible to obtain complete certainty of the cor-
‘ectness of the treatment of the statlionary processes.

We ought to mention that the first approximate solution of the
problem of nonstaticnary diffusion as applied to the electrocherical
problem has been obtained by A.P. Sokolov (1890) [12].

Let us begin the examination of nonstationary diffusion with the
Implest case of a flat electrode, immersed in a large volume of solu-
tion, which is not agitated, for example, a sllver electrode in silver
nitrate solution in presence cf an excess of an indifferent electro-
lyte. This solution has the same composition at all points, 1.e., the
same concentration of the discharging ions. At a certain moment of time
which we designate as t = 0, a considerable cathodic polarization 1is
superposed on the electrode (by means of any auxiliary electrode im-
mersed iIn the solution). If the polarization of the silver electrode 1is
sufficiently large, the concentration of the silver lons at its surface
drops 1instantly practically to zero in consequence of the process of
cathodic discharge of the silver lons. At the same time begins the
process of diffuslion of the silver lons from the volume of the solution
towards the electrode surface. The task 1s reduced to finding the dis-
tribution of the lon concentration in the solution at any moment of
time. Knowing this concentration distribution, we can readily compute
the diffusion current.

This diffusion problem has an analogy in a large number of other
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phenomena in physics, in particular, in the phenomena of thermal coi-
ductivity. The diffusion phenomenon in the case under consiceration
here corresponds entirely to the phenomenon of thermal conductivity in
an lnfinitely large body in which the temperature initially was the
same at all points and which then begins to cool by virtue of the fact
that a plane bournidary of the body assumes a lower temperature. The tem-
perature distribution in this tody at any mecment of time and the heat
Flux T 1% are completely analogous to the concentration distribution
and the diffusion flow In the solution near the flat electrode.

It is clear that the above diffuslon pronlem leads to a nonsta-
tionary diffusion proucess. The 1Initlial ilon concentration wos the same
at all points; after the switching on of the current this uniform dls-
tributien is upset. The concentration change Is first limited to a re-
gion of the solution close to the electrode and then spreads to ever
greater distances from this surface into the depth of the solution. At
different moments of time after this disturbance has occurred, the con-
centration distribution will »e different.

In order to give a quantitative solutiorn of thils problem one has
to solve the diffusion equation corresponding to the above conditions.

If we designav~ the cistance from the electrode surface in a di-
rection perpendicular tc the surface by x, then, as we have seen in §2,

the differential diffusion equation'has the form

0y (86)
where t 1s the time elapsed since the initial moment of the process,
and ¢ = el(x, t) 1s the concentratior of the silver 1ons whieh is a
finction not only of the distance x but, in contrast to the cases of
stationary diffusion, also of the time t. In this we make the assump-

tion that the concentration distributlon does not vary if we move along
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the surface, 1.e., that the concentration at any moment of time 1is the
same at all pocints which are at the same distance from the surface. We
are justified in making this assumption if we limit consideration to an
area of the electrode surface which is sufficlently far from the edges
of tne electrode. Mathematically this requirement 1s exprecsed by the
condition that the distance x is small comparea with the electrode di-
nensions; this conditlon 1s often formulated as a condition cf an infi-
te electrode dimension.

According to the conditions of the problem it is required to find
an expression for the ion concentration as a function of distance and
time which would satisfy the diffusion equation (86). Moreover, the de-
sired soclution should satisfy the following boundary conditions, which
follow from tne nature of the problem itself. At the moment of time ¢t =
= 0 the concentration at all points has the same, inltial value, i.e.,

for t=0 =c (87)
The second condition states that at any moment after the polarliza-

tion current has been switched on, the 1ion concentration at actual

WD

&lectrode surfaceé 1s zero, 1l.e.,

for x==0 wmd (>0 ¢=0. (88)

The above differential equation with the boundary conditions (&
and (88) is well known in mathematic physics [213]. The solution of ¢

equation has the form
X

<

2V
Gr =t pe Y ey (89)

x
Rt
D!

2V
The solution thus obtained contalns (h¢ 2@flinite integral & eV Gy
0

The variable y in the integrand is an auxiliary mathematical quantity.

-

Because a definite Integral depends only on the magnitude of the lcver

and upper limits, this variable vanishes in the final solutlon. The nu-
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merical values of thls inte-ral for different values of the upper limit

are given 1n special tablesz. f the upper limit becomes lrifinite, then,

)
as we know, the integral assumes the value -
o -
/ v
Rc-!"dy’—‘—?:- (90)
o
Figure 52 represents the magnitude of this integral as a function

of the value of the upper 1llmit u; it fs evident from this dlagram that
it varies from zerc to va,/?

By simple differentiation and substitution of the derivatives into
the initilal differential eguatlon, 1t is readily seen that the solution
thus obtained really satlafles the prpohlem set above and its boundavry

conditions.

Fig. 52. CGrephic representation of
u

the function fiw = \t—”‘d"l
[]

At the initial moment of time ¢t = 0, and also at great distances

from the ele¢trode, 1.e., at & » =, the upper limit tends to infinity,

i.e., the integral assumes the value v «a the concentration of the
Initlal value co which also corresponds to the physical reasoning.

or the values « = 0 and ¢t > C of the variables the upper 1limit of
the integral vanlcnes and tosether with 1t natarally also the value of {j
the 1ntegral itsell; thus tne concentration 1s zero. This corresponds
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to the boundary condition (88).

If we subject the expression (89) which we have obtained to an
nalysis, we find that 1t 1is proportional! to the initial concentration
e’ . Tk is easy to visuallze that this ought to be so since all the
quantities entering into the differential equaticn are linear with re-
spect to the concentration; 1t follows that if we vary the initlal con-
centration in any proportion, the concentrations at any other moment of
time will vary in the same proportion.

The solution thus obtalned has a typlcal peculiarity consisting 1in
the fact that the variables which interest us, the dlstance # and the
time t, enter into it not independently but only in the form of the Te-
lation z//t, 1i.e., at the same value of this relation the concentration
has the same value, independently of the values of x and ¢t taken separ-
ately. Thus for two points 4in the solution, at a distance of z, and z,
from the electrode surface, the concentration will be the same for any
two .intervals of time ¢, (at the point zl) and ¢, (at the point xg)
which satisfy tne condition x, :x, = /?;:/?;. The diffusion front thus
advances within the solution a distance which is proportional not to
time, but to the square root of the time, This 1s the case because 1n

proportion to the impoverishment of the solution and the advance of the

B

- - e ——
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Fig. 53. Distribution of the concentration of the reacting substance
near the surface of a flat electrode at different moments of time after
the switching on of the current: 1) After 0.1 sec; 2) after 1 sec; 3)
after 10 sec; 4) after 100 sec.
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At the initial moment of time at ¢ = 0 the current density, ac-
ording to Eq. (93), is infinitely large. Such a result of course has
rnot physical meaning. It 1s obtained because of the simplification
which we introduced when we considered that at the moment of switching
on of the current the ion concentration at the 22tual electrode surface
drops instantly from the initial value c0 to zero. With this simplified
assumption we obtain at the moment of time ¢ = 0 a finlte concentration
iifference at an infinitely small distance, i1.e., an infinite gradient.
In actual fact, however, the concentration at the electrode surface
drops to zero not instartly, but within a certain, admittedl& very
short interval cf time so that the lmpoverishment can extend to a cer-
tain distance Into the depth of the solution.

The relation expressed by Eq. (93) has been experimentally con-
rirmed in several works. Ye.M. Skobets and N.S. Kavetskiy [14] measured
the variation of the density of the diffusion current on a solid elec-
trode with time. In all cases they observed an abrupt current surge
upon closing of the circult, followed by a relatively slow current

drop, which obeys the law

S !
™~ == .

Vi

In the derivation of the above equations it was assumed that *
lon comcéntra&tion at the actual eléctrode surface is zero, 1.e., th
the limit value of the diffuslon current is attalned. In order to
tend this solution to a case where the lon concentration at the surf
is not zero but has a certain constant value (differing from the ini-
tial concentration), it is sufficient to replace everywhere in these
solutions the initial concentration co by the difference between Lhe
initial concentration and the concentration near the surface co =

The formula for the diffusion current, for example, is rewritten in ti
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form

"m0 e c® (94)
i.e., the values of the current are modified compared with the limit

e O

values Ly a factor of (b - e )ie .

$11. EQUATION OF NONSTrTIANARY DIFFUSION TOWARDS A GPHERICAL ELECTRODE
The case which wi be conaldered In the prement secticn is very
similar to the preceding cne and differs f.om 't only bty the geometri-
cdl ¢conditilons, n&mely inste "~ dit'fuslon tLowards a flat electrode
we shall examine diffusion tovards an eleptrode with a spherical shape,

o)

immeréed In an infindtely large voiume O sblution.

We designate the radlus of the sphericel electrode by r,. Other-
wise we retain all the assumptions made durlny the cxamination of the
previous problem. At the moment of time ¢t = O the lon concentrati_n at
all points of the solutlion is equal to the initial concentration; imme- |
diately after the switching on of the current the Llon concentration
rnefr the ¢lectrode surllace begins Lo decrease and retaines its 1hitilal
value only at a great distance from 1it.

In the study of processen taking place near a spher.cal surface
and depen@ling only on ilie distence from the center of the sphere and
not ¢n the choice af the Jdlp on in space, it is convenient to use a
spher! cal coordinate systew. 1t 'S5 ovbvious that in the problem formu-
lated by us such spnerical symmetry 1is present and that the conecentra-
tions and the concentration pgradlent 1is ¢ ifune for all points cf the
solutlion at the same distance from =? entepr of the spherical elec-
trode (Filg. 54).

For this reasun we can ~rgard ~ne concentration at any point of

the sclution ana at any momtin . of time as a function of two variables: QJ
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the time t and the length of the radius vector r (i.e., the distance
from the center of the sphere). The first boundary condition has the
same form as in the preceding problem, 1l.e.,
:z"—FV‘{-_‘_D—_(c‘-—c‘). (95)
The second boundary condition assumes a slightly
o different form because the electrode surface 1s no

longer described in the Cartesian coordinate = = 0 but

in the spherical coordinate r = r,s hence

for r=rqandeor t >0 c¢=0. (96)

ig. 54. T When going over Lo a spherical coordinate system,
Is the radi-

us of the a transformation of the original diffusion equation is
spherical

electrode; r necessary, which assumes the form

the distance

of a point P dc 2 3 | g%

ir. the solu- a =D [Tb'r"*'o'r-']' (97)

tion from

the center
of the spher-
ical c¢lec-
t.rode.

Equaticn (97) can be obtained from Eq. (86) by
transformation of the ccordinates from Cartesian to
spherical; one can also derive Eq. {(97) directly if we
regard the diffusion process towards a spherical sur-
face as analogous to that in the derivation of Eq. (86).*%

The solution of the differential equation (97) at the above-mer-

tioned boundary conditions has the form

r—7re

e (98)
C(f.l):xc.-,—:m'—/?;_: § e—v’dy.{.c.(l_l'ﬁ. .

This solution consists of two components of which the first is er
tirely analogous to the solution of the previous problem (Eq. (89))
with the only difference that the distance not from the plane surfacse
but. from the spherical surface figures in the upper boundary and that
the coefficient in front of the integral contalns an additlonal factor.

The meaning of the second term of Egq. (98) will be clear from the fol-
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lowing.
If we analyze the solutiorn thus chbtained it 1s at once apparent

that for values of r tending tc it 1s transiormed into the solution

4‘(—),
of the previous problem for difflusion towards a flat electrode. Phys-
ically this means that at vei ¢los dictances to tne spherical surface

it may be regarded as a flat ~loctrode. pothl he concept of close

distance to the spherical sur:iecce natur means a distance which 1is
small compared with the »raal £ curvature. a4t dferances which are not
very small compared with =t mensions of the sphere, the diffusion
phenomena will d&ffer marecdly from the nrern whicn iIs establlshed at
the flat electrode. The dilf=, e DebLw thie lutton for the flat
electrede and the spherical electrode articularly clear cut 1if the
corresponding values of the dirfusion cur 1re compared. By differ-

entiating Eq. (98) with recspect to r, we find

r—ry

2y Dt o s (r—rp)? G
g 2rgc® ‘ 2 2roc i Y TR IS (59) -
= I e e———— e="dy e s — & e 7
or rye 4 J+r‘/r 2y Dt i

At r = 1’0 this deriveliw SUMes he wvalue
de c* c®
(R ‘eenry : ",:."..‘ oy (993.)

Hence the diflfusion current (in etectrical units) 1s equal to
i 41”1)’.'{7%.- - ‘-}. (100)

This expression alto consists of two addends, the first addend

corresponding exactly to the expression for the diffusion current to-

wards a flat surface (see Eg. (93)). Th! lend lecreases in inverse
proportion to the square root of Lhe ¢ The second addend for the
current Is a constant and » pen of tine,

The relation between the two addends of Eq. (102) depends on the

value of the time £. At th: inltial moments of time when t is small, ()
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the first addend consliderably exceeds the second one and the diffusion
to the surface of the drop takes place in accordarce with the same laws
a5 those pertalning to diffusion towards a flat surface. Whern the val-
ues of t increase the first term decreases and the relative proportion
of the current, due to the second term, increa: vith further in-
crease in the time the current does not tend to zero as in the case of
diffusion towards a fiat surface but to the constant value 7 = nFDc%%O,
i.e., the diffusion goes over from the nonstationary to the stationary
state.

It can be shown that the establishment of a stationary diffusion
state with a diffusion current different from zero is not connected
with the spherical shape of the electrode with with its finite linear
dimensions. Had we not assumed an infinite plane but a disc in the pre-
ceding sectlion or in general any body with certain dimensions, which is
placed into an infinite uniform medium, we would also have observed a
gradual transition rrom nonstationary diffusion to the stationary
state. The magnitude of the stationary current under these conditions
depends on the linecar dimensions of the surface under consideration.

It would be of interest to calculate for a spherical electrode
with certaln dimensions the time Interval after which the diffusior
proximates the stationary state. At the moment of tine Lk = rg/v thie
values of the stationary and nonstationary diffusion currents (the
first and second addends of kEq. (100)) are equal; this moment can thus
serve as a certain characteristice for the transition to the stationary
diffusion state. The impoverishment of the solution up to the moment ¢
!s considerable at distances r for which (r - ro)/Z/ﬁf i1s not yet
large.* It follows that within the time tk the diffusion front has pen-
ctrated into the depth of the solution to a distance of the order of
the radios of the sphere. For a spherical electrode with radlus 1 mm
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and wilth normal valucs ci vt

about 300 sec. Thus, during tiie first

switching on of the current the

still small compﬁred witt radius
ing to diffusion towar! i plare eleq
sion towards a sphere. We “hxl! make
following.

The establishment of *he reguls
of spherical shape permit us &
tant and widely occurring oh?
wldely used for variocus analytic 2!

(see Chapter 2).

§12. OTHER CASES OF NONSTATIONARY DIFFUSION.

TRODE BY AN ALTERNATING CURRENT
in the preceding sections we hav

nonstaticnary dirfusion in whick

tial=-determining ions establisgned
ticular, zero conc2ntra n) and in wl
diffuslon rfront intec the d ¢l the
decreages gradually.

Jther cases of nonstatlonary con

possibie in which by means of

Yirfusior

thickness

of

o~ o},,

sultable

soe'fichent the time tk 1

f'ew tens of seconds after the t
of tr.e difrusion layer is
Lhe: sph , ar.d the laws apply-

'le ¢can be agplled to the diffu-

f this consequence in the

t ies cbserved wilh an electrode

to the examnination of an impor-

\ ] vy o) .":f.I")de, which is

tentcal measurenents

FPOLATIZATION OF AN ELEC-

consiLderil one of the cases of

»lectrode surface (in par-
J1ng to the advance of the
£he

solution current intensity

entrat lon polarization are also

externa! devices dif'rerent con-

dltinhs &re meintalned at the elecurcd: rlace. For &xanple, one can
polarize the electrode with an abs~Iate .y constant current intensity.
The electrode potential Iin t'.° el .11 not remain constant: in pro-
portion to the advance of the diffuslon front into the depth of the so-
luslon the ccnicentration of %he reacting ions at the electrode surface

shruld decrease i. oider ¢

retailn a constant

coricentration gradient
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a constant concentration of the poten-
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rear the electrode. It 1s easlly imagined that the passage of a current
with a certain intensity under these conditions is possible only for a
certain time interval, namely until the concentration of the discharg-
ing ions at the electrode surface has dropped to zero* [15].

The case of the polarization of an electrcde with an alternating
current deserves attention. Periodie curirent pulses in opposite direc-
tions cause a periodic decrease and increase in the concentration of
the potential-determining ions and at the same time a periodic varia-
tion of the electrode potential. As will be evidant from the following,
when an electrode 15 polarized with an alternating current, the poten-
tlal shift caused by the variation of the 1ion concentration 1s consid-
erably less than with prolonged polarization with a direct current;
this circumstance 1s used to advantage for the study of electrochemical
phenomena in which it 1s desirable to exclude the concentration polari-
zation or to reduce 1t as far as possible [16].

l.et us conslder the derivation of the equations foir nonstationary
diffusion with a.c. polarization of the eleectrode using two simplifying
assumptions., Firstly, we assume that the intensity of the alternating
current is not very great so that the maximum fluctuations of the ele
trode potential are small compared with the quantity RT/nF. Secondly,
we assume at fiprst that the quantity of electricity consumed for chary
ing the double layer at the electrode surface i1s small compared with
the quantlty consumed for the alteration of the ion concentration,
l.e., for the electrical process taking place at the electrode surface.
The last assumption ls exactly the reverse ¢ that made in the discus-
sion of the conditlons for carrying out capaclitance measurements on the
double layer wlth an alternating current (see 54 of the Introduction).

The dif'ferential diffusion equatlon derived in §2
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i =07 (149)
also remains in force in the above-considered case of the polarization
of a flat electrode with an alternating current. At a large distance
from the electrode the concen' »>tion of the potential-determining ions
is invariant, being equal to the initlal concentration,
ot X—wo00 [=2(t (104)
If the electrode is poldarlized w! ar aiternating current, the

boundary. condition gt the electrode surface is altered.

According to the second our assumptlions, the total magnitude of
the charges arriving ar i 1 A7) lven monent of time is
equal to the number of charges wihlch par pete Irn the electrochemical
resctlion, 1.e., the diffusion rren W to the density of the

electric current passing through the electrode.

For a sinusoldal alternating current, l.2., a current varylng in

time in accordance wlth the law

=0, Sitied
(ic is the amplitude of the current L of the a.z. current; w 1s
the frequency of <he =zlvternat * current), we can write
. O
'° N} QU)I ﬂ“r;)(&} )l‘-o‘ (]05)
From fthis we find thar concentration gradient at the electrode
surface
& we e 10 of 3
9t Jxe0 kDT (lO)a)
varles periodically in accordance wit :me law as the surrent den-
sity.
The solution of the 4if? ) suation (4¢9) for the boundary

conditions (104) and {105a) has the {orm:

4 g fi.;‘; f| =_ A t'-J
c'c"-;F}IifP Vabi= cas) wi i PR R (106)
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According to Eg. (106), when an alternating current passes through
the solution, perlodic concentration fluctuations occur in it with the
came frequency, which advance from the electrode surface into the depth
of the solution with an amplitude which decreases in proportion to the

quantity cx/( 20/“’),

i.e., the more rapidly, the greater the frequency
of the alternating current.

The variation of the electrode potential is connected with the
varlation of the concentration of the potentlal-determining ions near

the electrode surface (i.e., at the point z = 0) by the basic equation

of concentration polarization

Sy m(1+557) (107)

If the electrode is not strengly polarized, when 49 < RT/aF (first
assumption) and (¢ — ¢ )/c is small compared with unity, 1n (1 +
+ (¢ — co)/co) can be renlaced with sufficlent approximation by

(¢ — :."7)/00

s iritse (107a)

Substituting the value of ¢ at = 0 from Eq. (106) we find fina:

i RT
9= — |||I-~-—-
Ap ”’,-’( l/Dm blll A ) (108)

1t can be seen from Egqs. (106) and (108) that during the passage
of a slnusoidal alternating through the electrode, a phase shift is ob-
served between the current, on the one hand, and the concentration and
potential, on the other, namely the potential lags 45° behind the cur-
rent. .

The passage of an alternating current through an electrode corre-
sponding to concentration polarization thus can be compared with the

passage of an alternating current through an electrical circuit con-
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s sting of serles or parallel connecced reslctances and capacitances;
in this case, as we know, a phase shift between current and potentlial
i1s also observed, varylng from 0° for the case of resistance only to
90! in the case of capac. .unce only. The equation (108) was worked out
by Krueger [17].

I iz Interesting to compare rhe amplitude of the variable conicens

tration polarization 4, ot arlsing at asdensity of the alter-

nating current 50‘ with the concentration polarization 4¢ _ ir presence

of & direct current of the 2ane density. linder stationary conditions
r | . :
e 7 (see Eq. (58a)),
from which we find, using (8> a
'a.g,,' ‘ ‘/L'
|--— -'=-———-——~d~7;-r=: > . 0
B | aFRy Do WY e (109)
2 -5 2 -1
Assuming D = 10 cm--sec and » 0.003, we find that at a fre-
quency w = 10,000 c %%;,yopl, 1.¢., the polarization caused oy the al-

ternating current.is approximately one hundred times less than the po-
larigation with direct current. Such a marked Jecprease in the magnltude
of the potential shift through the use of ternating current is ex-
plained by the fact that I!f the current direction is periodically re-
verzed, the -iffusion front cannot move away from the electrode surface
to & great distance. This means that a state is all the time maintained
at the electrode surface which Is analozous to the state at the first
monent after the swiiching on of the direct currcnt, when the concen-
tration polarizaticn 1simas yet slight

As mentioned previously, cu.lr he aerivation of Eq. (108) we did
not take 4into account that the electrade has a certain double layer ca-
pacitance ¢ and that part of the passing current 1s consumed for the
varliation of the cnarge dencity In the double layer. If the converse

assunmption is .ad» that no ¢lectrochemlcal recaction takes place at the
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electrode surface (i.e., that the electrode possesses ideal polariza-
bility and behaves 1ike a capacitor without leakage), the passage of a
sinusoidal alternating current causes a potential fluctuation, which,

as we know from the physics course, 1s expressed by the eguation

Ap - —;%coswl. (110)
It is not difficult to derive relations for the case in which dur-
Ing the passage of alternating current both processes take place simul-
taneously: the charging of the double layer and the variation of the
concentration of the potential-determining ions as a result of the
electrode reaction. The correspondling equations are fairly cumbersome,
and we shall not present them here. However, 1t 1s easy to arrive at a
conclusion concerning the relative importance of the two effects with
regard to their order of magnitude by comparing the equations (108) and
(110). Indeed, the ratio of the amplitudes of the alternating current
vhich glve equal amplitudes 49, respectively, for the case of an elec-
trode which behaves like a capacitor with the capacitance C(io)emk and

for an electrode at the surface of which the concentration varlation

( )konts takes place during the passage of an alternating current, 1.

Lo
equal to

ntFe? V De - RT I }_/EE ‘
6 L]

(o) emn. * (fg)nona, = oC: o m (111)

It can be seen that thils ratio lncreases in proportion to the in-
crease in w and the decrease in co. Thus the behavior of the elestrode
in the alternating current approximates the behavior of the double lay-
er capacitor the more, the higher the frequency of the oscillations and
the lower the concentratlion of the potential-determiring jons, and,
conversely, the double layer capacitance can be nezglected with more
Justification, the lower the frequency of the oscillations and the

, 0
larger the value ¢f the concentration e
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These results can alac he formulated 1n the following wav. An
electrode at the surface of wnich varilations of the concentration of
the potential-determining lons taxe place during the passage of a cur-
rent behaves during measurements wlth alternating currént as i1f 1t had
a certain capacitance In excess . Shat due tc the douhle layer and a
certain conductivity, which are the greater, the nigher the concentra-

tion of the potential-determining lons. The magniiucde of this addition-

al capacltance decreases, however, with lncrease In t

p

: frequency of

the cscillations, be "aversely oroportional to vu.
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107 In the general case when the electrochemical process does not
consist in a discharge of metal lons, the gquantity n desig-
nates the number of electrons per molecule of reactant, dis-
appearing (or liberated) during tne electrode process.

120 In the case of an n-valent ion the quantity F in Eq. (68)

must be replaced by nF.




122

131

145

147

149

This ealculation ls incomplete pecause it does not take ac-
eount of tihe fact that in consegilenc £ a difference in the
ion mobllitles a potential difference exists in a liquid coi- .
umn with a ccncentra’ion gradient even without the passage of -

current. In this case, howéver, we are interested only in the
order of magnitud f the quantity 9, - @

The precise posit! >f the lmmobtile 1lguid layer (from the
point of view of.moleculur dimensions) which we have analyzed
in §2 of the Introductlon !s ucrmally of no significance when

the moticn of & mechanicelly stirred ligquid relative to a
s0lild is considered.

In this connection the questicn may arise as to the valldity
of using Eg. (82) which has been derived for the case of a

guiescent boundar 1ver. however, as calculation shows, the
concentresian digss: itiorn in & moving fluid near the elec-
trode suriace ;s t linear which allows us to use Eqg.
(82) with a su; tent degree of approximation.

Indeed, the difference b=tween the Adiffusion currents which
penetrate 2 spherical layer ! ided hry the radil r» and » # dr
and whieh energe fram 1t

é T
a7\ RI:D );) ér,

and the volume of thisg layer 1s %»nr"dp, hence
% 1 3 fy anic S840 )
N?W&(‘”’D&)"D-[r Fta ] .

Indeed, as follows from Eq. (98), for large values of
(p - ro)/E/Dt the magnltude cf ef(r, t) colncides with o9,

l.e., the composition of the solution remains unchanged.

The above-discussed becundary condition (88) mus®t he replaced
in this case by the followlng:

o xea >0 D%n (101)

La
nfF'
where 17 18 thie constrant denslty of the applied current. Under
these boundary conditions the concentration as a function of
r and t is exprecsed vy the relation

al o

9 T D 2ix ~y9
e O WL S CTeS

2V

It foellows that at = = 0, 1.e., at the electrude surface,

2% v/t
= o ,:o__;‘?_ <5 (1028)

The time tc, after the expiry of which the concentration ¢ at

the electrode surface vanishes and a further passage of a ‘.
current with the density ¢ is consequently impossible, as
follows from the above-presented expression for e, is
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=228 (103)

Manu-

;ggépt [Transliterated Symbols])

No,

121 OM = om = omicheskily = ohmic

128 rp = gr = granichnyy [sloy] = boundary [layer]
53 eMKk = emk = emkost' = capacitance

KOHU = konts = kontsentratsiya = concentration
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Chapter 2
POLAROGRAPHY
§1. PRINCIPLE OF THE POLAROGRAPHIC WMETHOD

The phencmena of concentrati‘on polarization desceribed 1In the pre-

viou® shapter are effcountered in various cases of electrolysieg cr the
eperation of chemical current sourcés nnd leave their Jjimprint on the
current=voltage curves which are ottalned. & descriptive example of the
tppliecation of the above concepts tc a practitally Important case of

electrolysis is the polarograrhic method of chemlizal analysls, whose
theory 1s based to a large degree on the laws cof di{fusicn kinetics.

The polarographic method of analysis which has been proposed by
the Czech sclentist Heyrovsky [1] is based on the =lectrolysis of test
solutions in an electrolytic cell whose cathode 1is a mercury drop elec-
trode. The current intensity versus apvlied vcltage curves thus ob-
talned make it poscible to determine the nature as well as concentra-
tion of the substances which are reduced at the cathode, in the solu-
tion. Soluticns contalning substances capable of electrical oxidation
can also be investigatea by polarography; in this case the mercury drog
electrode serves .as the anode.

The mercury drop electrode device (7'} 55) conslsts of a glass
capillary from which mercury flows out slowly under the pressure of the
mercury column. Mercury drops are formed at the tip of the capilllary
which break away from the caplillary at equal time Intervals of several
seconds and drop to the bot:om of the vessel. Up to the moment of
break-way, the growing mercury drop nanging on the end of the capillary
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erves as the electrode.

By means of the external current source B and the voltage divider
P one can impose any voltage on the galvanic circults, consisting of
the drop electrode K and the auxiliary electrode 4. A certain current
then flows through “he system which is measured by means of the sensi-
tive galvanometer G.

The application of an external volt-.ge E on the galvanic cell gen-
erally causes a variation of the potentials of both electrodes and, as
a result of the application of the current, the aprearance of an ohmic
'oltage drop in the solution. The connection between these quantities
is expressed by the relation

E=pr—9x+IR,
where the anode and cathode potentials ?y and 9, are a function of .the
current density. As a rule, either a nonpolarizable calomel electrode
or a mercury electrode with large surface on the bottom of the vessel
which 1s only slightly polarilzed by the passage of a current with rela-
tively low current density 1s used as auxillary electrode in polaro-
graphic measurements. Hence, provided that the solution contains a suf-

ficlent excess of an indifferent electrolyte, the quantity IR and the

)]

A Y N
B
]
- n
P P
N
o Fig. 55. Scheme of the polarographic apparatus: K) Capillary with hang-

ing mercury drop; 4) auxillary electrode; B) current source; P) poten-
tiometer; G) mirror galvanometer.
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variation of @A can be neglected, i.e., i{f may he sumed that rracti-
cally the entire applied voltage 1= usel for the variation of the po-
tential AF = —49, of the drop electrode. 1f the lact condltion is not
ralfilled, the ohmic potential drop in the solution must also be taken

into account.

By means of a speclal devigce, the polarogiiph, an automatic con-
tinuous lncrease in the applied voltage w'tl, cimullaneous photographic
recording of the current-vcitage curves Llg possitle., These automatical-

ly precorded curves are {ermed polarograms.

§2. MAGNITUDE OF THE DIFFUSION CURREKT AT ‘THE DROP ELECTRODE

Certaln electrods reactions take place at Lhe surface during the
polarization of the drop electrede. If, for example, the sclution con-
talns zlne ions in low concentration, then at a certain shift of the
potential of the drop electrode in the direction of negative values the
zinc lons begin to be discharged with formation of 2inc amalgam at the
surface of the mé&reury drop. The more negative Lhé potential 1s made,
the concentration of the zinc ions near the surface beglins to decrease,
and the pher.omenonr of cornceéntration polarization sets in. With further
Increase of cathodic polarl:iation the concentration of the zine ions
near Yhe electrode curface drups practlcally to zero, and the current
attalins its limit value,.

in order to calculate the limit diffusion current we murt analyze
the rhenomena of diffusion towards the dr-0 clectrode. The diffusion
pattern in this case 1s considerably more complex than for the immobile
spherical electrocde, discussed ir §11 of the preceding chapter because
the mercury droo grows contlnually as long as it does not break away
from the capillary and 1s reiulaced by a new drop. Here and further on
in this chapter we shall linit consideratlion to the case 1in which the
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solution contains an excess of an impurity electrolyte which does not
participate in the reaction* (the so~-called background), i.e., we shall
take into account only the diffusion proper and not the ion migration
under the influence of the electric current.

We shall also refrain here from explalring completely the theory
of diffusion towards a sphere with continuously increasing radius but
shall 1imit consideration to a simplified, not entirely rigorous devel-
opment of the consequences of the theory. For this purpose we assume
that the diffusion towards the growing drop takes place in accordance
with the same law as diffusion towards a quiescent sphere, with only
the difference that the total electrode surface increases with time. In
other words, we do not také into account the fact that during the
growth of the drop 1ts surface does not only increase but also sort of
moves towards the diffusion current directed towards it, thus continu-
ously enlarging the diffusion layer.

The maximum size of the mercury drops during polarographic meas-
urement (the size at the moment of breakaway of the drop) is of the cor
der of one millimeter; the period of dropping, 1.e., the "life" time of
an individual drop varies, as a rule, between 2 to 6 sec. As follows
from the calculation given in §11 of Chapter 1, the diffuslon towards
the spherical electrode is not yet stationary under these conditions.
In other vords, the impoverlishment of the solution around the growing
drop during the observation cannot extend to distances commensurable
with the drop dimension; the observation t'me on an individual drop in
turn is limited by the fact that the drop perliodically breaks away and
that the whole pattern of growth of the drop and diffusion starts all
over again with every new drop.

The thiclness of the diffusion layer, generally speaking, can be
estimated by independent optical methods because the variation of the

- 161 -



- B P ———— S—

concentration of one of the components »f the scolution causes a vari-
ation of"its lndex of refraction. The best known method is the sc-
called schlieren method vty means of whlch tne laver of the soiution
with a slightly modified refractive incex i« made visible on a photo-
graph in analogy to phctographing, for examrle, currents of warm or
cold air. Such photograptiz ghow that =zround ¢ drop electrode there is
a film of lmpcverishea solution, whnse thieckness 1s really small com-
pared with the radlius of th= drov. It follows from this that during the
lifetime c{ an 1:.d1vi« T tiie diffuslon cannot go over frow the
nonstatlionary to 2 atd ¥ regime.

The denslty of the diffusicn currant moving towairds the drop under
thesé conditions, thus, according tn Formula (93) is

p— nFc"l/kIT
17

where t 1s the time elapsed from the 1lritial moment of rormation of the
drop (i.e., from the moment of brealkaway of the preceding drop).

The current intenslty at the nmcment of time t is

e Rt e 2 ":‘lsﬂ (112)
where r, is the drop radius, depending on the time ¢t.
The dependence ol g R vime 1ls adetermined ry the law of growth of
the drop. AL a ruie, the mercury drop electrode 1s designed in such a
way that the mercury flouvsethrough é long, narrow capillary. The rate
of flow of the murcury depends in this case mainly on the height of the
mercury column and the internal friction »f the mercury in the capilla-
Fy: by way of ¥irs: approximation it . coastant and indepencent
of time and the pclarization »f the drop.*® It follows from this that
the volume of the drop 1s proporticna: to the time, elapsed since the
initial moment of 1ts formation. 0

If we designate the r..¢ of flow of the mercury (in grams per sec-




ond) by m, the welight of a single drop at the time t is

Q=Y rid=mt, (113)
where d is the density of mercury (d = 13.55 g/cm3) at room tempera-

ture). From this follows the expression for the drop radius

_ 3mt\s

o™\ Snd . (114)
By substituting the expression for the drop radius thus obtained

in Formula (112), we obtain for the current density

I=4y :(%)mnh'l)"'m”! £, (115)

As pointed out previously, the derivation of Formula (115) is not
rigorous because the movement of the surface of the mercury drop in
proportion to its growth is not taken into account 1n its derivation.
Accurate diffusion theory [2] results in an analogous formula which
differs from the above one only by the numerical factor vY7/3, i.e.,
taking into account the movement of the surface of the growing mercury
drop leads to an increase of the diffusion current of ¥7/3 = 1.53

t.imes:

l=='4V?(%)”’nl’c'D‘/'m‘/'l'/‘ (116)
or, combining all the numerical coefficlénts (including also the der
ty of mercury)
1:=-0,732nFc*D"sm®s tts, (116a)

It follows from Formula (116) that the current intensity increases
with the growth of the drop proportionally to the 6th root of the time.
This slightly unusual dependence of the current Intensity increases
with the growth of the drop proportionally to the 6th root of the time.
This slightly unusual dependence of the current intensity on time 1s a
consequence of the superposition of two effects: on the one hand, the
current increases because of the surface increase which 1s proportional
to t2/3 and on the other hand, the current density is inversely propor-
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Cliomal to the square root ¢ i time b use the siffusion is nonsta-
tionary. A3 a result of the comtination cf the action of ‘hese twc fac-
. 1/6 ‘
tors the proportionality I . ¢ results.
This relationship can be verified by recording by means of a meas-

urement device, which responds culckly to varlations of current inten-

sity (for example, by means of a short-verloc galvanometer or oscillc-

graph) the current intencici al ditferent noments of the lifetime and
growth of the drop. The functional relatlionship I - £1 /8 corresponds to
a Very steep paravols & =how:n in Fig. 56. The current intensity in-

creases suddenly durlng tli it{al momenis of the lifetime of the drop
and then the increacse I t! current iotensity slows down markedly. The

experiment actually confirms thls relatinnship.
When the mercury dro; ecLrode 1e used in practice 1t is not son-

venlient to use the formuia for the diffusion current Iin the above form

—
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Fig. 56. Variation of the diffusion current of the drop electrode with
the time ¢: 1l). True current (f = maximum value); 2) mean current I; 3)

current recorded by the galvencmeter.

(Eq. 116a) because in this case it would ! cessary to follow all the
variations with fast-react!ng measurement devices which are relatively
difficult to handle. On the contrary, ralvanometers with a fairly large
period of natural oscillation are normally used which follows varia-
tions of the current intensity only slowly and thus indicate only a
certain average current intensity during the lifetime of the drop.
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If we designate the life time of an individual drop by 1, the mean

surrent Id can ve calculated in the following manner:

‘ian—,:- i lq dfue_?. .4 V %—{ (;%)"' nFc®DMsmblogtle = (117)
o = 0,627aFc®D'ymdsz s

It follows from Formula (117) that the mean current during the
lifetime of the drop is 6/7 of the current flowing through the drop at
the moment of breakaway.

In reality, as a rule, the averaging is not complete; thus, when
the galvanometer readings are recorced photographically (during work
with an automatic polarograph), certalin fluctuations of the current
around the average are observed. It 1is essential that the magnltude of
these fluctuations 1s small compared with the total current intensity
because otherwlise the results of the recording cannot be used for the
determination of the current intensity. The current recorded by the
galvanometer in Fig. 56 Js shown by a dotted line.

The equations (116) and (117) are termed Ilkovic-Rideal-McGillavry
equations [2]%* in the polarographic literature.

It follows from Eq. (117) that the mean maximum diffusion current
is proportional to the volume concentration of the reactling substance
fd ~ co. The proportionality coefficie<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>